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Rapid	 compression	 machines	 (RCMs)	 are	 widely-used	 to	 acquire	 experimental	 insights	 into	 fuel	
autoignition	and	pollutant	formation	chemistry,	especially	at	conditions	relevant	to	current	and	future	
combustion	technologies.		RCM	studies	emphasize	important	experimental	regimes,	characterized	by	low-	
to	 intermediate-temperatures	 (600–1200	 K)	 and	 moderate	 to	 high	 pressures	 (5–80	 bar).	 	 At	 these	
conditions,	 which	 are	 directly	 relevant	 to	 modern	 combustion	 schemes	 including	 low	 temperature	
combustion	(LTC)	for	internal	combustion	engines	and	dry	low	emissions	(DLE)	for	gas	turbine	engines,	
combustion	chemistry	exhibits	complex	and	experimentally	challenging	behaviors	such	as	the	chemistry	
attributed	 to	 cool	 flame	 behavior	 and	 the	 negative	 temperature	 coefficient	 regime.	 	 Challenges	 for	
studying	this	regime	include	that	experimental	observations	can	be	more	sensitive	to	coupled	physical-





study	autoignition	phenomena,	and	 the	 insights	gained	 through	 these	efforts.	 	A	brief	history	of	RCM	
development	is	presented	towards	the	steady	improvement	in	design,	characterization,	instrumentation	
and	 data	 analysis.	 	 Novel	 experimental	 approaches	 and	 measurement	 techniques,	 coordinated	 with	
computational	methods	are	described	which	have	expanded	the	utility	of	RCMs	beyond	empirical	studies	
of	 explosion	 limits	 to	 increasingly	 detailed	 understanding	 of	 autoignition	 chemistry	 and	 the	 role	 of	
physical-chemical	 interactions.	 	Fundamental	 insight	 into	 the	autoignition	chemistry	of	specific	 fuels	 is	
described,	 demonstrating	 the	 extent	 of	 knowledge	 of	 low-temperature	 chemistry	 derived	 from	 RCM	






































































































































































































































































working	 fluid.	Higher	 compression	 ratios	and	higher	 specific	heat	 ratios,	which	are	obtained	 for	more	
overall	fuel	lean	and/or	more	dilute	mixtures,	increase	engine	efficiency.		Trends	are	similar	for	gas	turbine	
engines	where	pressure	ratios	and	g	dictate	efficiencies.		Limitations	come	from	two	related	processes.		
First,	 since	autoignition	of	 the	mixed	reactants	 is	 inherently	controlled	by	chemical	kinetics,	 some	LTC	
operating	strategies	are	challenged	by	the	inability	to	precisely	control	combustion	timing	via	spark	and/or	
fuel	 injection	 events,	 particularly	 over	 a	 broad	 range	 of	 state	 and	 mixture	 conditions.	 	 Instead,	 the	
combination	of	reaction	and	mixing	after	a	given	fuel	injection	time	modulates	the	start	of	combustion.		
Second,	the	rate	of	heat	release	in	kinetically-modulated	schemes	is	no	longer	completely	controlled	by	
flame	propagation	or	 fuel	 injection	 rates,	 but	by	 the	often	 rapid	 reaction	 rates	of	 chemical	 processes	
distributed	throughout	the	combustion	chamber.	Finally,	pollutant	emissions	depend	greatly	on	the	local	
equivalence	 ratio	 and	 temperature-time	 history	 of	 the	 mixture.	 This	 complex	 situation	 creates	
opportunities	for	low	temperature,	low	emission	combustion,	but	in	a	scenario	where	many	external	and	
internal	parameters	determine	 the	 local	 temperature	and	 state	of	mixedness,	 and	ultimately	 reaction	
rates.	
	 Original	work	by	Onishi	et	al.	[6]	highlighted	the	possibilities	of	premixed	autoignition	using	internal	
exhaust	gas	 recirculation	 (EGR)	 in	 two-stroke	engines.	Najt	 and	Foster	 [7]	extended	 the	work	 to	 four-
stroke	engines,	and	highlighted	 limitations	regarding	control.	The	topic	was	reawakened	by	a	series	of	
papers	by	Johansson	and	coworkers	[8–10],	who	demonstrated	the	ability	to	control	the	process	using	a	
combination	 of	 injection	 control,	 variable	 supercharging	 and	 EGR.	 Work	 in	 the	 U.S.	 and	 Japan	
demonstrated	the	use	of	diesel	fuel	in	HCCI	mode	[11–15].		The	latter	work	spawned	a	number	of	studies	
on	 variations	 of	HCCI,	 as	 discussed	below.	 	Although	 there	have	been	numerous	 contributions	 to	 the	
literature	 on	 the	 subject	 since	 then,	 difficulties	 in	 controlling	 ignition	 of	 premixed	 charges	 remain.	
However,	 the	original	 ideas	have	 found	 fertile	ground	 in	existing	diesel	engines	 in	 the	 form	of	 LTC	by	
leveraging	the	recent	advances	in	the	ability	to	deliver	multiple	injections	in	CI	systems.		
	 The	 concept	 of	 LTC	 was	 highlighted	 by	 Akihama	 et	 al.	 [16],	 who	 neatly	 described	 the	 tradeoffs	






















deflagration	 or	 autoignition	 event	 (produced	 for	 example,	 by	 non-uniformities	 in	 fuel-air	 ratio	 or	 the	
presence	 of	 easily	 ignitable	 lubricants)	 leads	 to	 a	 sudden	 pressure	 wave	 across	 the	 chamber,	 which,	
depending	 on	 the	 state	 of	 the	 gas	 and	 the	 turbulent	 dissipation	 of	 the	 localized	 reaction,	 can	 trigger	
subsequent	reactions	throughout	the	system,	in	a	state	approaching	a	developing	detonation	[25–27].		
	 High	pressures	lead	to	high	efficiencies	in	continuous	thermal	cycles,	so	gas	turbines	have	also	offered	










with	 a	 variety	 of	 strategies,	 called	 dry	 -	 low	emissions	 (DLE),	 to	 differentiate	 from	other	methods	 for	
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biogases,	 and	 new	 synthetic	 and	 modified	 liquid	 fuels	 and	 biofuels.	 Synthetic	 fuels	 vary	 widely	 in	
composition	and	corresponding	propensities	for	autoignition	[31],	so	it	is	challenging	to	design	premixed	
or	 direct	 injection	 systems	 that	 work	well	 with	 a	 wide	 variety	 of	 fuels	 using	 a	 fixed	 geometry.	 	 Fuel	
chemistry	and	interactions	with	the	turbulent	flows	can	influence	burning	rates	and	important	combustor	
parameters,	 such	as	 the	 lean	blowout	 limit	 [32,33].	 	Furthermore,	 low-	and	 intermediate-temperature	
chemistry,	and	associated	heat	release	can	perturb	the	flame	structure,	especially	under	complex	mixing	
scenarios	 used	 in	 modern	 gas	 turbine	 engines	 [34,35].	 	 As	 such,	 the	 availability	 of	 reliable,	 verified	






infrastructure	 for	 fuel	 distribution	was	 established	 engines	 adapted	 to	 the	 available	 fuels	 rather	 than	
















	 The	 ability	 to	 design	 and	 control	 reciprocating	 engines	 and	 gas	 turbine	 engines	 that	 utilize	 highly	
promising	LTC	and	DLE	approaches,	along	with	new	varieties	of	fuels,	depends	on	the	availability	of	well	




including	 low-	 and	 intermediate-temperature	 heat	 release	 (LTHR	 and	 ITHR,	 respectively)	 can	 become	
evident	as	boost	pressure	becomes	significant	[37,38].	These	issues	represent	substantial	challenges	to	
the	 combustion	 community.	 While	 models	 exist	 based	 on	 theory	 and	 interpretation	 of	 engine	 data,	
experimental	validation	of	proposed	fundamental	chemical	and	physical	mechanisms	 is	still	needed	to	






models	are	 typically	 formulated	based	on	data	 from	a	variety	of	 sources,	 including	 rapid	compression	
machines	(RCMs)	[39],	motored	or	skip-fired	engines	[40],	flow/jet	reactors	[41,42],	and	shock	tubes	[43].		
Typical	 ranges	of	operation	 for	 these	apparatuses	are	summarized	 in	Fig.	1	and	Table	1;	 though	some	
facilities	operate	outside	of	these	ranges.		Figure	1	is	presented	to	highlight	the	thermodynamic	conditions	
of	 these	devices,	but	 the	 reactor,	 as	well	 as	 chemical	 time	 scale	of	 the	mixture,	which	 is	discussed	 in	
Section	1.4,	are	also	important.	
	 All	devices	have	 intrinsic	optimal	 ranges	of	 temperatures	and	pressures,	 limited	either	by	physical	
material	constraints	or	the	achievable	reaction	times	of	interest.	Starting	with	reciprocating	engines,	these	







processes	 typical	 of	 engine	 flow,	 including	 heat	 transfer	 to	 the	 walls,	 and	 characteristic	 turbulent	
disturbances	produced	by	the	inlet	and	outlet	conditions	with	moving	valves.	This	means	that	whereas	
the	bulk	conditions	 in	the	engine	are	statistically	stationary,	each	single	stroke	experiences	a	different	
detailed	distribution	of	 temperature	and	velocity,	which	affects	 the	chemical	 reaction	 rates.	Thus,	 the	
statistical	 distribution	 of	 autoignition	 times	 or	 critical	 compression	 ratios	 ascertained	 from	 motored	
engines	typically	reflects	the	distribution	of	operating	conditions.	One	advantage	of	motored	engines	is	

























RCMs	also	offer	well-controlled	 state	conditions	 for	 studying	 the	 ignition	properties	of	 fuels	while	
using	 realistic	 (e.g.,	 dilute	 to	undiluted)	mixtures.	 Like	 shock	 tubes,	 the	 single-shot	 character	of	RCMs	
affects	the	nature	of	diagnostics	used	to	access	the	state	of	reaction;	and,	long	test	times	of	RCMs	enable	
physical	 sampling	 and	 other	 experimental	 techniques.	 	 Much	 historical	 and	 recent	 effort	 has	 been	
undertaken	to	address	challenges	associated	with	RCMs,	including	heat	transfer	induced	boundary	layer	








Method	 Motored	engine	 Flow	/	jet	reactor	 Shock	tube	 RCM	
Temperature	(K)	 400–900	 <1500	 800–2500	 400–1200	
Pressure	(bar)	 5–40	 <30	 2–80	 5–80	
Reaction	times	(ms)	 1–10	 10–10000	 0.01–2	 2–150	
Operation	 Multi-shot,	unsteady	 Continuous	 Single-shot,	unsteady	 Single-shot,	unsteady	







































energy	 densities	 that	 replicate	 reciprocating	 and	 gas	 turbine	 engines	 is	 also	 challenging.	 	 Single-shot	
devices	like	combustion	bombs	[51,52]	and	spray	chambers	[53]	have	also	been	used	to	achieve	IC	engine-
relevant	 conditions,	 but	 the	 diagnostic	 access	 is	 reduced,	 while	 shot-to-shot	 variability	 complicates	
analysis	 of	 the	 data,	 and	 comparison	 with	 models.	 	 Some	 datasets	 relevant	 to	 physical-chemical	
interactions	have	also	been	acquired	via	controlled-turbulence	RCMs,	and	these	unique	contributions	are	
discussed	here,	with	suggestions	for	possible	future	work	in	this	area.	











by	 the	 design	 of	 the	 device.	 	 Importantly,	 the	 boundary	 and	 initial	 conditions	 can	 be	 well	 specified.		









interactions,	 as	 highlighted	 in	 the	 previous	 section.	 	 A	 variety	 of	 temporally-	 and	 spatially-resolved	
diagnostics	can	be	implemented	to	acquire	a	wide	range	of	measurements	towards	the	development	and	
validation	 of	 autoignition	 chemistry	 and	 turbulence-chemistry	 interactions	 (TCI)	 models,	 as	 well	 as	
understanding	 how	 full-boiling	 range	 fuels	 behave	 at	 engine	 relevant	 conditions.	 	 Various	 diagnostic	
techniques	are	discussed	in	detail	in	Section	3.		There	are	currently	nearly	thirty	laboratories	worldwide	









design	considerations,	diagnostic	 implementation	and	 insight,	and	alternative	approaches	 to	modeling	
RCM	processes.	





at	 Université	 Lille	 Sciences	 et	 Technologies	 (ULST)	 [79–84]	 expanded	 upon	 these	 and	 acquired	more	











as	 well	 as	 the	 temperature-	 and	 pressure-time	 histories.	 A	 well-studied	 example	 is	 the	 delayed	
autoignition	phase	in	long-chain	hydrocarbons,	whereby	an	increase	in	temperature	can	lead	to	longer	
ignition	times,	and	thus	an	apparent	“negative	temperature	coefficient”	(NTC)	region	when	ignition	delay	
time	data	are	plotted	using	Arrhenius	or	 inverse	 temperature	coordinates.	This	 region,	which	appears	
around	700–850	K	for	iso-octane	at	a	pressure	of	20	bar	in	air	levels	of	dilution	(i.e.	21%	O2,	mole	basis),	
is	identified	in	Fig.	2	[62].		Under	these	conditions	there	is	a	shift	in	the	main	reaction	routes	from	the	








Fig.	2	 [62].	The	data	presented	here	 include	results	 from	several	RCM	facilities	 in	the	2nd	 International	
RCM	Workshop,	and	highlight	the	need	for	rigorous	specification	of	the	initial	and	boundary	conditions	
for	 each	 test,	 e.g.,	 heat	 loss	 characteristics.	 	 Furthermore,	 this	 illustrates	 challenges	 associated	 with	






first-stage	 reaction	 chemistry	 is	 often	 attributed	 to	 cool	 flame	processes),	 closed	 symbols	 are	 total	










of	 heat	 release	 can	 be	 altered,	 intentionally	 (as	 in	 reciprocating	 engines)	 or	 unintentionally,	 by	 the	
presence	of	inhomogeneities,	mixing,	and	turbulence	in	the	combustion	chamber.	In	many	current	RCMs,	
significant	effort	has	been	directed	 towards	 suppressing	undesirable	non-uniformities;	 some	historical	
data	indicate	that	when	these	non-uniformities	are	present	substantial	scatter	can	result	[69].		Strategies	
to	address	these	are	covered	in	Section	2.		In	order	to	achieve	low	uncertainties	towards	the	development	
of	 reliable	 chemical	 kinetic	 information	 and	 models,	 and	 the	 formulation	 of	 more	 accurate	
phenomenological	insight	coupled	with	quantitatively	accurate	simulations,	comparisons	of	experimental	








	 Autoignition	 phenomena	 that	 occur	 within	 piston	 engines	 and	 gas	 turbines	 can	 be	 substantially	















is	 associated	with	 the	 rate	 at	which	 the	 local	 temperature	 (and	 pressure)	 rises	 due	 to	 chemical	 heat	
release,	 relative	 to	 the	 reaction,	 or	 ignition	 delay	 time.	 The	 normalized	 sensitivity	 of	 the	 rate	 of	
temperature	rise	is	given	by	a	modified	Zeldovich	number	𝑍𝑒 = 	 𝜏0/𝜏2 = (𝑞/𝑐5	𝑇)(𝐸/𝑅𝑇)	where	𝜏2 	 is	
the	characteristic	time	of	chemical	heat	release	(sometimes	referred	to	as	an	excitation	time	[90]),	q	is	
the	chemical	energy	released,	cv	the	specific	heat	at	constant	volume,	while	𝐸	and	𝑅	are	the	activation	
energy	 and	 the	 gas	 constant,	 respectively.	When	𝑍𝑒	 is	 large,	 the	 local	 heat	 release	 can	 lead	 to	 large	







layers.	 	 The	behaviors	 change	dynamically	 depending	on	 the	 initial	 condition	or	 operation	point.	 	 For	









even	 if	 the	system	starts	at	a	uniform	temperature,	 regions	of	cold	gas	can	be	 intermixed	with	higher	
temperature,	 autoigniting	 regions.	 	 The	 panel	 on	 the	 left	 in	 Fig.	 3	 compares	 the	 rates	 of	 diffusion,	
temperature	rise	and	reaction.		Cases	where	the	rate	of	temperature	rise	is	small	or	gradual	and	the	rate	







	 For	 the	 present	 discussion	 on	 the	 contributions	 of	 RCM	 studies	 to	 understanding	 low	 and	
intermediate	temperature	chemistry,	insight	into	diffusion	and	heat	transfer	effects	on	reaction	as	well	
as	heat	 release	rate	at	different	experimental	conditions	 is	critical	 to	determining	the	uncertainty	and	









[39],	 and	 present	 a	 summary	 of	 important	 advances	 that	 have	 been	 achieved	 via	 rapid	 compression	
machines	as	experimental	platforms	towards	improving	the	understanding,	development	and	validation	
of	 models	 for	 low	 temperature	 combustion.	 	 Thanks	 to	 both	 historical	 and	 recent	 innovations,	
uncertainties	associated	with	the	reaction	chemistry	of	the	LTC	regime	have	been	substantially	reduced.		
Further	improvements	are	still	necessary	so	that	predictive	capabilities	can	be	achieved	toward	the	design	




weight	 devices	 to	 sophisticated	 apparatuses	 where	 the	 thermo-chemical/fluid	 dynamic	 fields	 can	 be	
precisely	controlled	during	the	test	period	for	studies	focused	on	either	autoignition	chemistry	or	physical-
chemical	 interactions.	 	 Section	 3	 covers	 the	 implementation	 of	 various	 diagnostic	 techniques,	 both	
intrusive	 and	 non-intrusive,	 in	 order	 to	 probe	 the	 evolution	 of	 the	 reactive	 system	 within	 the	 test	
chamber.		Section	4	further	discusses	autoignition	regimes	and	associated	modeling	approaches	where	









	 RCMs	 have	 been	 employed	 since	 the	 beginning	 of	 the	 20th	 century	 to	 access	 thermo-physical	
conditions	 relevant	 to	 conventional	 and	 advanced	 combustion	 schemes.	 	 These	 regimes	 cover	 the	





evolving	 scalar	 and	 velocity	 distributions.	 These	 studies	 have	 provided	 unique	 insights	 into	 LTC	
phenomena,	while	 advancements	 in	 RCM	design	 have	 enabled	 the	 thermo-physical	 conditions	 of	 the	












example,	 seek	 to	 create	 non-homogeneous	 conditions	 necessary	 to	 study	 turbulence-chemistry	
interactions,	and	other	phenomena.		Improvements	in	RCM	configurations	have	been	critical	in	reducing	
uncertainties	 associated	 with	 the	 measurements	 as	 well	 as	 interpretations	 of	 acquired	 data,	 while	












	 For	 studies	 of	 autoignition	 chemistry,	 ideally	 the	 volumetric	 compression	 process	 would	 be	
instantaneous	to	eliminate	pre-test	fuel	reactivity	and	provide	well-defined	initial	conditions,	while	the	
chemical	 reactions	 during	 the	 constant	 volume	 process	 would	 occur	 at	 conditions	 that	 are	 spatially	
uniform	and	without	heat	loss.		These	characteristics	are	impossible	to	achieve	in	practice:	as	an	example,	
instantaneous	piston	acceleration/deceleration	necessitates	unwieldy	mechanical	forces,	and	generates	
compressibility	 effects	 leading	 to	 complex	 gas	 dynamics,	 as	 well	 as	 the	 development	 of	 turbulent,	






smoothly	and	without	 rebound,	minimizing	 the	generation	of	gas	dynamics	and	turbulence	within	 the	
reaction	 chamber.	 	 Additionally,	 the	 configuration	 should	 achieve	 a	 good	 degree	 of	 thermal	 and	
compositional	 uniformity	 throughout	 the	 test	 gas	 by	 suppressing	 fluid	 motion	 within	 the	 reaction	
chamber.		The	hot	core	gases	in	the	center	of	the	reaction	chamber	should	be	segregated	from	the	cold	
walls	by	minimizing	the	thickness	and	volume	of	the	boundary	layer	relative	to	the	reacting	gas.		Dead	
volumes	 associated	 with	 ports	 and	 diagnostics	 should	 be	 as	 small	 as	 possible,	 while	 chemical	
contamination	due	to	lubricants	or	seal	materials,	or	catalytic	effects	at	the	walls	should	be	eliminated.		
Furthermore,	the	reaction	chamber	should	incorporate	fast	sensors	for	measurement	and	control,	and	
optical	 access	or	 sampling	 capabilities	 to	enable	 implementation	of	 advanced	diagnostics.	 	As	with	all	
ignition	 studies	 the	 experimental	 results	 should	 be	 consistent	 and	 repeatable.	 	 Finally,	 flexible	
configurations,	 e.g.,	 clearance	 height	 control,	 can	 facilitate	 convenient	 modification	 of	 the	
thermodynamic	state	of	 the	reacting	mixture	 for	each	test.	 	The	 following	sub-section	describes	some	







































to	 explore	 reaction	 times	 at	 conditions	 not	 achievable	 in	 RCMs,	 e.g.,	 tR	 less	 than	 about	 1	 ms,	 and	
temperatures	greater	than	1200	K	[99–101].	
	 	





	 The	 volumetric	 compression	 phase,	 or	 state	 preparation	 period	 of	 the	 experiment	 is	 critically	
important	 towards	 achieving	 a	 well-defined	 test	 and	 ensuring	 minimal	 reactivity	 before	 the	 test	
conditions	are	reached.		In	terms	of	evaluating	the	compression	phase	duration,	a	typical	parameter,	t50,	
can	be	used	and	defined	as	the	time	for	the	 last	50%	of	the	pressure	rise	to	occur.	 	This	parameter	 is	
slightly	shorter	than	the	time	required	for	the	last	50%	of	the	temperature	rise,	t50T,	due	to	the	different	
non-linear	behaviors	of	pressure	and	temperature	during	isentropic	compression.		The	t50	and	t50T	times	




Figure	 6	 illustrates	 three	 simulated	 piston	 trajectories	 and	 the	 associated	 pressure	 and	 temperature	
histories	for	the	reacting	gas.		The	piston	travel	is	normalized	based	on	the	stroke	of	the	machine	and	an	










The	 resulting	 t50T	 for	 this	 configuration	 is	 about	 twenty	 percent	 shorter	 than	 for	 Case	 1,	 while	 the	
temperature-time	history	indicates	that	the	mixture	is	much	cooler	through	most	of	the	piston	travel.	This	
characteristic	could	be	beneficial	for	minimizing	pre-reaction	chemistry	when	investigating	very	reactive	
mixtures.	 	 On	 the	 other	 hand,	 the	 peak	 piston	 velocity	 is	more	 than	 twice	 that	 of	 Case	 1,	 while	 the	
deceleration	 rate	 is	 50%	 larger.	 	 These	 features	 have	 implications	 with	 regards	 to	 the	 mechanical	
intricacies	 and	 structural	 requirements	 needed	 to	 ensure	 safe	 and	 consistent	 operation,	 as	 well	 as	















to	those	realized	by	Case	1.	 	 In	Cases	1	and	2,	 the	final	50%	of	the	temperature	and	pressure	rise	are	
entirely	contained	within	the	deceleration	period.		This	highlights	the	fact	that	it	is	the	deceleration	and	
piston	 seating	 processes	 that	 are	 the	 primary	 influences	 on	 these	 parameters,	 and	 thus	 the	 state	
preparation	period,	and	the	mechanical	design	of	the	arresting	mechanism	must	be	undertaken	with	care.	
	 There	 are	 a	 number	 of	 methods	 that	 can	 be	 used	 to	 facilitate	 fast	 piston	 acceleration	 and	











or	 the	pressure	at	 ignition.	 	While	 these	 limits	are	usually	determined	based	on	static	analyses	of	 the	
design	configuration,	the	dynamics	of	the	piston	deceleration	can	be	affected	as	the	pressure	limits	are	















of	 equally	 spaced	 black	 and	 white	 lines.	 The	 data	 from	 this	 machine,	 however,	 suffered	 from	
reproducibility	 issues,	 and	 under	 certain	 conditions,	 pressure	 ringing	 at	 ignition.	 The	 inconsistencies	
would	 be	 attributed	 in	 later	 work	 to	 temperature	 inhomogeneities	 within	 the	 reaction	 chamber,	 as	
observed	in	direct	photographs	and	schlieren	images	[69,106].	 	 Inhomogeneities	most	 likely	originated	
from	 the	 vigorous	 compression	process	 and	 the	 concave	 geometries	 of	 the	piston	 and	 cylinder	 head,	
which	led	to	undesirable	fluid	motion	and	turbulence	within	the	reaction	chamber.		Nevertheless,	data	
from	 this	 device	 enabled	 early	 insight	 into	 the	 chemical	 kinetic	 effects	 of	 knock	 inhibitors	 such	 as	
tetraethyl	 lead	 as	 well	 as	 features	 of	 mild	 ignition,	 which	 is	 associated	 with	 convolved	

























































during	 the	 stroke	 and	 thus	 achieve	 similar	 constant-velocity	 piston	 trajectories	 [113].	 	 This	 was	 only	
possible	however	at	longer	compression	times,	tC	>	40	ms,	with	maximum	velocities	around	5	m/s,	due	to	
servo	valve	limitations.	
	 Another	 means	 to	 control	 the	 piston	 trajectory	 is	 the	 use	 of	 coupled	 mechanical	 parts,	 as	 first	
demonstrated	in	Tizard	and	Pye’s	RCM,	developed	by	Ricardo	[119].	This	machine	employed	a	flywheel-
driven	 crank	 that	brought	 the	piston	 to	TDC	 in	approximately	120	ms	before	disconnecting,	 leaving	 it	
locked	in	that	position.	More	recent	developments	have	yielded	the	construction	of	a	number	of	right-
angled	RCMs	[120–124],	such	as	the	one	presented	in	Fig.	9.	These	devices	employ	a	moving	cam	to	couple	





























thermal	decomposition	of	H2O2	accumulated	 from	H-atom	abstraction	 reactions	 involving	HO2	 for	 the	
second	 stage,	 as	 discussed	more	 thoroughly	 in	 Section	 6.	 Furthermore,	 by	 studying	 the	 LTHR	 during	
autognition	of	n-heptane/air	mixtures	with	tetraethyl	lead	addition,	the	additive	was	found	to	be	effective	








Figure	 10.	 The	 redesigned	 RCM	 used	 by	 Jost	 and	 Rögener	 et	 al.	 and	 some	 representative	 results,	
redrawn	 here	 for	 clarity	 (adapted	 from	 [64–66]	with	 permission	 of	 Symp.	 Combust.	 Flame,	 Explos.	
Phen.)	(a)	Schematic	of	the	RCM.	(b)	Pressure-time	histories	for	two	experiments	exhibiting	two-stage	












these	 concepts	 required	 disassembly	 of	 the	machine	 between	 tests	 in	 order	 to	 unseat	 the	 piston	 or	
replace	the	shock	absorbing	tubes.		To	minimize	the	interval	between	tests,	Evezard	[128]	developed	a	









hydraulic	 piston,	 enters	 a	 stopping	 groove	 near	 the	 end	 of	 the	 piston	 stroke,	 as	 depicted	 in	 Fig.	 8.		
Compression	of	oil	within	 the	groove	 increases	 the	pressure	quickly	 and	 this	 resistive	 force	 slows	 the	




























piston	 than	 the	 force	 resulting	 on	 the	 combustion	 chamber	 piston,	 so	 the	 compression	 piston	 is	 not	
displaced	by	the	heat	release.		A	very	large	bore	driving	piston,	or	large	driving	pressure	can	be	required	
in	 order	 to	 ensure	 the	 absence	 of	 piston	 rebound.	 	 This	 can	 be	 challenging	 when	 high	 compressed	
pressures	are	used,	e.g.,	pc	>	30	bar,	since	the	reaction	chamber	pressure	can	alter	the	piston	dynamics	
during	the	deceleration	process,	as	well	as	at	the	point	of	heat	release.	
	 Hydraulically-assisted	 schemes	have	been	used	 in	hydraulically	decelerated	machines	wherein	 the	
main	 hydraulic	 chamber	 is	 maintained	 in	 a	 pressurized	 state	 during	 the	 actuation	 process	 while	 the	
pressure	in	the	groove	at	the	endwall	is	reduced	after	piston	seating,	e.g.,	via	connection	to	a	low	pressure	
reservoir,	[134].		Additionally,	a	variety	of	mechanical	solutions	have	been	used,	starting	with	the	clamping	
mechanism	 first	demonstrated	 in	Aubert	and	Pignot’s	RCM	 [135].	 Two	pins	mounted	on	 springs	were	
engaged	in	corresponding	holes	on	the	compression	piston	axis	and	held	in	place	at	TDC.	The	disadvantage	
of	 this	 system	 is	 of	 course	 its	 relative	 fragility	 and	 ensuing	 limitation	 in	 terms	 of	maximum	 pressure	
obtained	while	the	ignition	takes	place,	as	well	as	the	possibility	to	induce	piston	creep	at	the	final	stages	
of	compression.		

















negligible.	 	 The	 temperature	 obtained	 after	 compression	 was	 calculated	 based	 on	 the	 geometric	













	 Tizard	and	Pye	 [139]	 further	highlighted	 the	 competition	between	 reaction	 rates	 and	 rates	of	 gas	
cooling	during	the	ignition	delay	period	covering	a	number	of	different	fuels,	including	n-heptane,	diethyl	
ether	and	carbon	disulphide.		They	explored	differences	between	‘quiescent’	conditions	and	cases	where	
an	 internal	 fan	was	used	to	stir	 the	gases	 in	the	reaction	chamber,	and	they	noted	shifts	 in	measured	
ignition	times	as	well	as	quenching	limits	for	the	tests.		Leary	and	co-workers	[69,106]	were	one	of	the	
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first	 groups	 to	 identify,	 based	 on	 schlieren	 and	 direct	 imaging,	 the	 possibility	 of	 generating	 non-
uniformities	 within	 the	 reaction	 chamber	 during	 compression	 due	 to	 piston-wall	 interactions,	 as	 the	
boundary	layer	can	be	scraped	from	the	wall	to	produce	turbulent	gas	motion.		Park	and	Keck	[102],	using	
insight	derived	from	IC	engines	studies,	 further	described	the	development	of	 flows	at	 the	piston-wall	
interface,	where	it	is	possible	to	generate	a	toroidal	structure	during	compression.		Griffiths	et	al.	[140]	
were	then	one	of	the	first	groups	to	employ	computational	 fluid	dynamics	(CFD)	to	better	understand	
interactions	 between	 large-scale	 thermal	 non-uniformities	 and	 the	 progress	 of	 autoignition.	 	 Their	
calculations,	while	coarse	in	terms	of	spatial	resolution	and	chemistry	(e.g.,	14	x	50	cells	with	30	species	
participating	 in	70	 reactions	 representing	ditertbutyl	 peroxide	 (DTBP)	mixtures),	 highlighted	boundary	
layer	 effects	 and	 the	 evolution	 of	 the	 corner	 vortex.	 	 The	work	 by	 Griffiths	 et	 al.	 [140]	 showed	 that	
reactivity	can	develop	faster	in	cooler	rather	than	hotter	regions	of	the	reaction	chamber	for	fuels	with	
NTC	behavior,	though	this	is	dependent	on	the	compressed	conditions,	as	well	as	fuel	 loading.	 	Similar	
observations	 of	 induced	 non-uniformities	 and	 their	 influence	 on	 the	 autoignition	 chemistry	 were	
subsequently	described	in	further	multi-dimensional	simulation	studies	conducted	by	Lee	and	Hochgreb	
[141],	 Guézet	 and	 Kageyama	 [121],	 Chen	 and	 Karim	 [142],	 and	 Frolov	 et	 al.	 [143].	 	 Experimental	
measurements,	 based	 on	 Rayleigh	 scattering	 [144]	 and	 microthermocouples	 [145],	 confirmed	 the	
development	of	toroidal	structures,	which	were	observed	to	persist	well	 into	the	 ignition	delay	period	
under	 some	 conditions,	 e.g.,	 for	 longer	 than	 50	milliseconds.	 	 The	 results	 from	 studies	 such	 as	 these	
motivated	research	 towards	 improving	 the	homogeneity	of	 the	 test	gases	 for	experiments	 focused	on	
autoignition	chemistry.	























points	 in	 mind:	 (i)	 the	 clearance	 between	 the	 piston	 crown	 and	 the	 wall	 should	 be	 larger	 than	 the	
boundary	 layer	but	 small	 enough	 to	 limit	 reemergence	of	 the	 crevice	 contents	back	 into	 the	 reaction	
chamber	during	the	delay	period,	(ii)	the	crevice	should	have	a	shape	able	to	quickly	cool	the	captured	
boundary	layer	gases	to	a	temperature	where	reactivity	can	be	considered	negligible,	and	(iii)	the	crevice	
volume	 should	 be	 large	 enough	 to	 contain	 the	 corresponding	 volume	 of	 boundary	 layer	 gases.	 	 The	
improved	configuration	is	identified	in	column	(b)	of	Fig.	13.	
	
	 (a)	 (b)	 (c)	 (d)	
A	 0.52	 0.48	 0.46	 0.50	
B	 2.72	 0.72	 na	 0.15	
C	 0.52	 0.12	 na	 0.15	
D	 0.23	 0.23	 na	 na	
E	 2.72	 4.75	 9.00	 1.50	
F	 0.00	 4.00	 2.20	 4.00	
G	 2.20	 0.60	 0.60	 0.00	
H	 0.00	 1.40	 2.20	 20.00	
I	 4.90	 1.10	 4.00	 na	






	 The	 effectiveness	 of	 this	 strategy	was	 demonstrated	by	 follow-on	detailed	CFD	 studies	 [146,148],	











the	 crevice	 design	 and	 limitations	 for	 vortex	 formation	 were	 provided	 based	 on	 additional	 CFD	
calculations	in	Mittal	et	al.	[149],	who	noted	that	a	longer	stroke	can	result	in	a	larger	vortex,	while	a	wider	
clearance	at	TDC	could	mitigate	the	 influence	of	the	vortex.	 	This	 last	 finding	 is	contradictory	with	the	
recommendations	of	 Park	 and	Keck	 [102],	 though	 the	 investigated	geometries	were	 slightly	different.		
Large	bore-to-height	ratios	proposed	in	[102]	generally	lead	to	higher	surface	area	to	volume	ratios,	and	
therefore	 greater	 heat	 loss	 and	 thermal	 stratification	 under	 long	 test	 time	 conditions.	 	 In	 any	 event,	
producing	crevices	 large	enough	to	trap	the	entire	thermal	boundary	 layer	during	compression	can	be	




	 From	 these	 studies,	 it	 is	 clear	 that	 properly	 configuring	 the	 piston	 crevice	 for	 particular	machine	
geometry	and	operating	conditions	is	key	to	adequately	suppressing	the	corner	vortex	formation,	and	that	
a	single	configuration	may	not	be	appropriate	across	a	wide	range	of	facilities,	or	a	range	of	experimental	





























can	 lead	 to	uncertainties	associated	with	 the	gas	 composition	when	samples	of	 the	gas	are	physically	
extracted	from	the	reaction	chamber	for	chemical	analysis	and	if	unreacted/quenched	components	from	
the	crevice	are	extracted	along	with	reacted	gases	from	the	core	[153].		







temperature	 fields	 performed	 in	 Mittal	 and	 Bhari	 [154]	 suggested	 that	 under	 some	 conditions	 high	
velocity	flow	can	be	forced	into	the	reaction	chamber	from	the	crevice	volume	as	the	seal	engages,	so	
that	a	small	vortex	can	be	generated	and	evolve	during	the	delay	period.	Furthermore,	the	O-ring	seal	
used	 to	 isolate	 the	 crevice	 from	 the	 main	 reaction	 chamber	 can	 be	 subjected	 to	 severe	 mechanical	























of	 suspended	 fuel	 droplets	 is	 created	 external	 to	 the	 reaction	 chamber,	with	 the	 carrier,	 or	 bath	 gas	
consisting	of	the	oxidizer	and	diluent	components.		The	multi-phase	mixture	is	delivered	to	the	RCM	in	a	




distributed	within	 the	 flow,	 and	must	be	 small	 enough	 to	ensure	 complete	 vaporization	and	diffusive	
mixing	by	the	end	of	the	compression	stroke.		This	type	of	experiment	is	more	complicated	than	typical	
tests	of	gas-phase	reactants	and	higher	experimental	uncertainties	can	therefore	result.	Challenges	are	




help	 from	 CFD	 simulations	 and	Mie	 scattering	 imaging.	 	 They	 also	 noted	 that	 the	 evaluation	 of	 the	
compressed	 gas	 temperature	 can	 be	 complicated	 because	 of	 the	 cooling	 effects	 associated	 with	
evaporation	of	the	droplets.		The	concept	of	aerosol	RCMs	and	the	near-droplet	phenomena,	including	










pulse	 approach	 is	 intended	 to	 achieve	 precise	 control	 over	 the	 total	 quantity	 of	 injected	 fuel	 while	
facilitating	the	generation	of	small	droplets	within	the	reaction	chamber	which	aids	the	evaporation	rates.		
This	approach	was	motivated	by	the	fact	that	since	the	partial	pressure	requirements	of	the	fuel	are	lower	
in	 the	 reaction	chamber,	as	compared	 to	a	 large	external	mixing	vessel,	 it	may	be	possible	 to	achieve	
better	fuel	vaporization.		In	Allen	et	al.	[160]	the	fuel	vapor	was	allowed	to	diffusively	mix	in	the	reaction	
chamber	for	a	short	period	of	time,	generally	2	minutes,	before	the	compression	process	was	initiated.		
As	 with	 the	 aerosol	 loading	 technique,	 issues	 regarding	 direct	 confirmation	 of	 the	 gas	 phase	 fuel	













phenomena,	 including	 those	 associated	 with	 large-scale	 gradients,	 turbulence,	 plasmas	 and	 localized	
gradients	 created	 by	 phase	 change.	 	 The	 following	 briefly	 discusses	 these	 topics	 and	 some	 design	
requirements,	 and	directs	 the	 interested	 reader	 toward	 relevant	work.	 	Configurations	used	 for	 these	
studies	 pose	 different	 challenges	 than	 those	 used	 to	 investigate	 autoignition	 chemistry,	 including	 the	












	 Iida	 and	 co-workers	 [163–167]	 at	 Keio	University	 configured	 an	 RCM	with	 a	 non-uniform	 heating	
system	to	thermally	stratify	the	mixture	prior	to	 initiation	of	compression.	 	The	reaction	chamber	was	
mounted	 horizontally	with	 hotter	 temperatures	 located	 on	 the	 upper	 side	 of	 the	 cylinder,	 enhancing	





















	 Turbulence–chemistry	 interactions	 (TCI)	 occur	 when	 small-scale	 gradients	 and	 fluctuations	 are	
present	within	the	reacting	mixture	and	the	turbulent	time	scale	is	on	the	same	order	as	the	characteristic	




corner	 vortices,	 can	 influence	 the	measurements	 and	must	 be	 considered	 when	 designing	 RCMs	 for	
studies	of	small-scale	turbulence	effects,	while	diagnostic	implementation,	including	location,	timing	and	
correlation	of	events,	represent	challenges	in	machine	configuration	and	operation.	
	 Griffiths	 and	 Franck,	 and	 Nimmo	 and	 co-workers	 [75,78]	 employed	 two	 methods	 to	 generate	
turbulence	in	their	RCM	test	chamber.		Their	first	approach,	like	Tizard	and	Pye	[139],	used	an	internal	fan	
to	stir	 the	gases	 in	 the	reaction	chamber.	 	They	also	designed	a	configuration	where	perforated	mesh	
plates	were	placed	at	the	entrance	to	the	reaction	chamber	in	order	to	generate	turbulent	flows	during	
piston	compression.		As	gas	is	forced	through	the	holes	in	the	plate,	high	velocity	flows	are	created	in	the	
reaction	 chamber.	 	 A	 range	 of	 hole	 sizes	 and	 blockages	 ratios	 were	 employed	 to	 achieve	 different	
turbulent	 conditions.	 	 Franck	 et	 al.	 [78]	 demonstrated	 the	 influence	 of	 turbulence	 intensities	 on	 the	
























localized	 pressure	 spikes	 that	 result	 from	 non-uniform,	 uncontrolled	 chemical	 heat	 release.	 	 The	
propagation	of	pressure	waves	can	remain	sonic,	or	they	can	transition	to	supersonic	detonation	waves.		
Analogous	 processes	 occur	within	 RCMs	 and	 shock	 tubes,	 but	 the	 confined	 dimensions	 of	 RCMs	 and	
associated	wave	–	wall	interactions	are	more	representative	of	IC	engines.		There	is	a	long	history	of	knock	
investigation	within	IC	engine	platforms,	and	many	theories	have	been	proposed	to	describe	its	causes	
and	 development	 [172].	 	 Recent	 work	 has	 also	 focused	 on	 processes	 leading	 to	 superknock	 [27],	 as	
discussed	 in	 Section	 1.	 	 Some	 fuels	 are	 more	 prone	 to	 knock	 [173],	 while	 the	 combustion	 chamber	
geometry	[174],	including	the	location	of	any	spark	plugs,	as	well	as	the	operating	conditions	[175]	are	
influential.	 	 Conventional	 knock	 measurements	 conducted	 using	 variable	 compression	 ratio	 engines	
[176,177]	 can	 be	 influenced	 by	 many	 factors	 including	 evaporative	 cooling	 of	 the	 fuel,	 complex	
temperature	and	composition	fields	due	to	filling	processes,	and	turbulent	flame	propagation	rates.		















allow	 non-symmetric	 conditions	 to	 be	 studied,	 for	 instance	 flame	 propagation	 across	 a	 positive,	 or	
negative	 temperature	 gradient.	 	 The	use	of	multiple	pressure	 transducers	 located	across	 the	 reaction	
chamber	 can	 allow	 a	 deconvolution	 of	 the	 gas	 dynamic	 processess	 [168].	 	 Finally,	 very	 high	 speed	







type	 plasmas,	 e.g.,	 spark	 discharge	 [190].	 	 For	 non-equilibrium	 plasmas,	 much	 higher	 electron	
temperatures	can	be	achieved	along	with	lower	electron	number	densities.		Furthermore,	non-equilibrium	
plasmas	are	more	kinetically	active	due	to	the	rapid	production	of	active	radicals	and	excited	species	via	
electron	 impact	dissociation,	 excitation	and	 subsequent	energy	 relaxation.	 	 Little	 is	 understood	about	
plasma-enhanced	 ignition	 at	 engine-relevant	 conditions,	 and	 much	 of	 the	 work	 to	 date	 has	 been	
conducted	at	low	pressure	and	for	simple	fuels	such	as	methane.		Open	questions	include	how	the	kinetic	
pathways	of	plasma-enhanced	 ignition	are	dependent	on	 the	plasma	properties,	gas	 temperature	and	









	 Specialized	 plasma	 diagnostics	 are	 required	 in	 addition	 to	 conventional	 RCM	 diagnostics	 where	
important	measurements	include	number	densities	of	key	radicals,	e.g.,	ȮH,	Ö,	and	Ḣ,	ions	and	electron	
densities	 and	 local	 temperature.	 	 Plasma	 generation	 is	 not	 a	 volumetric	 process	 but	 occurs	 near	 the	
surfaces	 of	 the	 electrodes,	 so	 the	 capability	 for	 spatial	 resolution	 in	 the	measurements	 is	 important.		
Techniques	 for	 controlling	 fluid	and	aerodynamics,	 along	with	prescribing	non-stimulated	autoignition	








scale	 gradients	 in	 a	 well-controlled	manner,	 and	 have	 been	 utilized	 previously	 in	 studies	 in	 constant	
volume	vessels.		There	are	only	few	data	at	pressure	and	temperature	conditions	representative	of	LTC	
however.	 	 In	 such	 tests,	 a	 single	 droplet	 is	 suspended	 in	 the	 reaction	 chamber	 using	 a	wire,	 and	 the	
surrounding	gas	subsequently	compressed	volumetrically	by	the	piston(s).	 	The	rising	gas	temperature	
induces	evaporation	(similar	to	aerosol	fuel	loading	techniques),	and	in	oxidizing	environments	this	can	






period.	 	 The	 wire	 must	 be	 sufficiently	 strong	 to	 withstand	 the	 compression	 heating	 and	 thermal	
expansion/contraction,	yet	also	sufficiently	low	mass	to	reduce	impacting	the	local	state	conditions.		Fuel	
evaporation	 and	 autoignition	 must	 occur	 on	 scales	 relevant	 to	 the	 gas	 compression	 and	 heat	 loss.		
Necessary	 diagnostics	 include	 optical	 access	 and	 capability	 to	monitor	 the	 two-	 or	 three-dimensional	
coupled	physical-chemical	phenomena;	especially	the	means	to	locate	spatially	and	temporally	the	phase	











diffusive-controlled	 transport.	 	 Better	 resolution	 and	 measurement	 of	 the	 fuel	 concentration	 and	
temperature	fields	could	lead	to	improved	fundamental	understanding	that	can	be	derived	from	the	tests.	
2.3.	Summary	
	 RCM	 design	 and	 configuration	 have	 developed	 significantly	 over	 the	 past	 century,	 and	 especially	
during	 the	 past	 two	 decades,	 with	 increasing	 control	 and	 manipulation	 of	 the	 reacting	 gas	 for	 both	
autoigntion	 chemistry	 studies,	 and	 those	 of	 coupled	 physical-chemical	 processes.	 	 A	 number	 of	 ‘best	
practices’	have	emerged	where	these	indicate	that:	
• Lubricants,	 oils	 and	 tiny	 particles	 can	 significantly	 foul	 the	measurements	 and	 should	 thus	 be	
avoided.	
• The	 gas	 compression	process	 can	 affect	 the	 fuel/oxidizer	 chemistry,	 turbulence	evolution	 and	
intensity,	as	well	as	heat	loss,	and	care	should	therefore	be	taken.	
• Compressed	air	provides	the	fastest	rates	of	compression,	while	the	use	of	hydraulics	requires	























physical-chemical	 interactions	using	RCMs.	 	Some	advanced	experimental	methods	 target	high	 fidelity	
measurements	which	can	 supplement	 information	provided	by	 standard	diagnostics,	 such	as	pressure	




requirements	 for	 extracting	 the	 necessary	 chemical	 reactivity	 characteristics	 for	 RCM	 experiments.		
Measurements	of	pressure-time	histories	have	been	used	since	the	1930s	to	deduce	ignition	delay	times	
for	reacting	mixtures.		The	pressure	data	have	been	particularly	useful	in	developing	an	understanding	of	
reactivity	 trends	 covering	 a	 range	 of	 temperatures,	 as	 well	 as	 providing	 insight	 into	 heat	 loss	 and	






provided	 in	 the	 references	 cited	 in	 this	 section	 and	 in	 comprehensive	 textbooks	 on	 combustion	
diagnostics	(see	[199,200]	for	example).			
A	wide	range	of	diagnostics	has	been	applied	to	RCM	studies	to	enhance	the	understanding	of	the	


















section	 ends	with	 some	 examples	 of	 flow	 field	measurements	 (e.g.	 particle	 image	 velocimetry	 (PIV)),	
which	 are	 vital	 in	 studies	 of	 physical-chemical	 interactions.	 	 The	material	 in	 this	 section	 is	 meant	 to	
introduce	the	topics	of	diagnostic	measurements	in	RCMs,	but	the	review	is	not	intended	to	be	exhaustive.		
The	reader	is	encouraged	to	consult	original	references	for	details	on	the	experimental	hardware,	analysis,	








resolution,	 charge	amplifier	matching,	and	 triggering.	 	Pressure	history	data	are	 routinely	 conditioned	
using	filtering	and	averaging	methods.		Because	pressure	measurements	are	the	cornerstone	of	most	RCM	
studies,	 researchers	 should	 provide	 explicit	 documentation	 of	 the	 data	 acquisition	 and	 conditioning	
applied	in	each	study,	as	well	as	examples	of	typical	pressure	data	for	a	range	of	experiments.		Researchers	
new	 to	 RCM	 investigations	 are	 encouraged	 to	 explore	 texts	 like	 the	work	 by	 Rogers	 [201]	 and	 other	
important	references	on	‘best	practices’	 for	pressure	sensor	measurements.	 	Data	conditioning	affects	



















Some	 of	 the	 earliest	 RCM	 studies	 took	 advantage	 of	 large	 areas	 of	 optical	 access	 provided	 by	
transparent	 end-wall	 and	 side-wall	 windows	 to	 apply	 schlieren	 imaging	 to	 study	 flow	 physics	 during	
autoignition	experiments	[69,106].		Later	studies	applied	schlieren	imaging	to	consider	flame	progress	in	
RCMs	equipped	with	 spark	 plugs,	 e.g.	 [205,206],	 and	others	 have	 applied	 schlieren	 and	 shadowgraph	
methods	to	image	fuel	spray	development	in	RCMs	e.g.	[112,206–208]	and	engine	knock	phenomena	e.g.	
[182,209–211].	 	 Often,	 these	 studies	 include	 photographic	 records	 of	 combustion	 and	 ignition	








and	 benzene	 autoignition	 with	 comparison	 to	 non-reacting	 schlieren	 images	 of	 compressed	 air.		
Significant	non-uniformities	were	observed	during	the	ignition	process	of	the	different	fuels.		The	authors	
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proposed	 that	 the	 observed	 temperature	 inhomogeneities	 could	 be	 attributed	 (in	 part)	 to	 the	 piston	
travel	during	the	compression	phase	where	this	“scrapes	off	the	boundary	layer	of	air	from	the	cylinder	
walls,	producing	a	turbulent	region	at	the	periphery	of	the	chamber…”		The	work	by	Livengood	and	Leary	
[106]	was	 the	 first	 to	 suggest	 caution	 in	 the	 exclusive	 use	 of	 pressure	measurements	 to	 characterize	
autoignition,	 both	 with	 regards	 to	 ignition	 time	 measurements,	 as	 well	 as	 determination	 of	 the	
characteristic	state	conditions	for	the	test.		The	schlieren	imaging	data	of	Griffiths	et	al.	[212],	similar	to		









systems,	 while	 recognizing	 such	 measurements	 require	 corrections	 for	 radiation,	 conduction	 and	
convection	heat	transfer,	and	researchers	must	be	aware	of	potential	catalytic	interactions.		Additionally,	
fine	wires	and	small	junctions	are	required	for	adequate	time	response	and	good	spatial	resolution,	which	






mm	 intervals	 in	 the	 central	 region	 of	 the	 test	 section,	 with	 higher	 resolution	 (1	mm)	 in	 the	 thermal	
boundary	layer	near	the	wall.		The	single	thermocouple,	inserted	through	a	1.2	mm	double-bore	ceramic	
rod	 was	 relocated	 after	 each	 test	 to	 build	 a	 composite	 image	 of	 the	 temperature	 profile	 within	 the	
reaction	chamber.		The	time	response	of	a	thermocouple	is	a	function	of	both	the	size	of	the	thermocouple	
bead	and	the	local	gas	dynamic	conditions.	 	For	reference,	Desgroux	et	al.	 [145]	used	12	µm	chromel-






uniformity,	 where	 bulk	 gradients	 on	 the	 order	 of	 5	 K/mm	 [145,213]	 were	 observed	 in	 the	 time	
immediately	after	the	end	of	compression,	as	seen	in	Fig	16.		The	data	presented	in	Fig.	16	are	for	mixtures	
with	1.65%	 iso-octane,	where	the	20.65%	oxygen	is	replaced	with	N2	in	the	non-reacting	mixture.	 	The	
non-reacting	 data,	 as	 mentioned	 in	 Section	 2,	 indicated	 the	 formation	 of	 a	 cooler	 toroidal	 region	
surrounding	the	central	portion	of	the	RCM	test	section.		Comparison	of	the	non-reacting	and	reacting	
data	 showed	 that	 heat	 release	 during	 the	 preliminary	 stages	 of	 ignition,	 i.e.,	 LTHR,	 attenuated	 this	












Figure	 16.	 	 Uncorrected	 thermocouple	 measurements	 of	 temperature	 in	 a)	 a	 non-reacting	 RCM	
experiment	and	b)	a	reacting	RCM	experiment.		End	of	compression	is	100	ms	in	both	panels	where	Tc	
≈	700	K	and	pc	≈	8	bar.		The	data	show	the	good	thermal	uniformity	that	can	be	achieved	in	the	core,	or	









noise	 issues	can	also	result	 in	 larger	uncertainty	bands	for	the	measurements,	and	the	data	cannot	be	
easily	averaged,	as	is	often	done	in	reciprocating	engine	studies	where	the	cycle	repetition	rates	are	much	
higher	than	for	most	RCMs.		Optical	access	in	RCMs	can	vary	from	the	large	windows	used	in	schlieren	
and	 chemiluminescence	 studies,	 to	 small	 ports	with	windows	around	1	 cm	 in	diameter.	 	 Line	of	 sight	
diagnostics	 such	 as	 laser	 absorption,	 typically	 use	 opposed	 ports,	 whereas	 Rayleigh	 scattering	 and	
fluorescence	require	orthogonal	optical	access.			
Desgroux	et	al.	 [144,145]	were	the	 first	 to	use	Rayleigh	scattering	measurements	 for	 temperature	
measurements.	 	 The	 repetition	 rate	 of	 their	 laser	 (10	 Hz,	 a	 pulsed	 frequency	 doubled	 Nd:YAG	 laser	














structures	 in	 RCM	 flow	 fields.	 	 Similarly	 to	 Desgroux	 et	 al.	 [144,145],	 the	 authors	 conjectured	 that	 a	
toroidal	structure	existed	for	their	RCM	hardware	at	the	conditions	studied,	consisting	of	a	vortex	formed	
at	 the	 end	 of	 compression	 where	 the	 center	 or	 core	 region	 of	 the	 test	 gases	 could	 experience	
temperatures	colder	than	the	surrounding	fluid.	 	The	evidence	for	the	fluid	motion	included	higher	LIF	
signals	 in	 the	center	of	 test	chamber	 than	the	surroundings,	as	shown	 in	Fig.	17(a).	 	The	LIF	data	also	
showed	that	the	thermal	stratification	was	attenuated	to	a	more	uniform	profile	by	30	ms	after	the	end	
compression,	as	seen	in	Fig.	17(b).		To	further	study	thermal	stratification	in	the	RCM,	Clarkson	et	al.	[214]	
also	 used	 ditertbutyl	 peroxide	 (DTBP)	 as	 a	 thermo-chemical	 marker,	 where	 exothermicity	 from	 the	
decomposition	 of	 the	DTBP	 amplified	 the	 pre-existing	 temperature	 field.	 	 Calibration	 of	 these	 optical	
methods	 for	 quantitative	 data	 is	 challenging.	 	 However,	 as	 noted	 in	 [214],	 qualitative	 data	 can	 yield	








signals	 and	 the	 lower	 panels	 present	 the	 LIF	 intensity	 (arbitrary	 units,	 since	 the	 signal	 was	 not	
calibrated)	 integrated	over	 the	width	of	 the	 laser	beam.	 	The	pixel	number	 represents	 the	distance	
across	 the	width	 of	 the	 end-view	 imaging	 of	 the	 RCM	 (~0.2	mm/pixel).	 (reprinted	 from	 [214]	with	
permission	of	Elsevier)	
	
Optical	 diagnostics	 can	 also	 provide	 insight	 via	 semi-quantitative	 measurements,	 where	 the	
measurements	can	be	normalized,	or	compared	relative	to	a	reference	condition.		For	example,	Griffiths	











during	 the	 autoignition	 experiments,	 the	 primary	 goal	 of	 the	 measurements	 was	 to	 understand	 the	








layer,	where	 this	was	 interpreted	as	approximately	5	mm	thick.	 	Assuming	a	uniform	 thickness	of	 the	
boundary	layer	around	the	core	of	the	reactive	gas,	this	suggests	that	the	boundary	layer	region	occupied	
about	70%	of	the	volume	at	these	conditions.		Given	the	large	bore	to	height	ratio	geometry,	most	of	the	
boundary	 layer	penetration	 is	 in	the	axial	direction.	 	For	Tc	=	770	K	 (Fig.	18b),	 the	temperature	profile	
appears	to	evolve	in	a	skewed	fashion,	which	the	authors	attributed	to	the	formation	and	propagation	of	
a	 flame	 across	 the	 reaction	 chamber,	 where	 this	 led	 to	 knock	 at	 these	 conditions	 [74].	 	 Though	 the	
measurements	of	the	temperature	field	are	made	at	discrete	time	intervals	during	the	delay	period	and	




Figure	 18.	 	 Statistically	 averaged	 Rayleigh	 scattering	 intensities	 obtained	 during	 stoichiometric	 n-
pentane/air	RCM	autoignition	experiments	where	the	intensities	correspond	to	relative	temperatures	
















the	order	 of	 50–100	K/mm.	 	When	 the	 authors	 utilized	 a	 creviced	piston,	 the	 corner	 vortex	 could	be	
suppressed	 and	 the	 temperature	 of	 the	 gas	 in	 the	 reaction	 chamber	 was	 more	 uniform,	 with	 bulk	
gradients	measured	to	be	on	the	order	of	1–5	K/mm,	while	peak	local	gradients	were	near	5–10	K/mm.		
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of	 the	two	parent	 fuels.	 	The	 interactions	between	the	reaction	kinetics	and	the	 intrinsic	 temperature	
fields	 created	 in	 their	RCM	 led	 to	 interesting	observations	 regarding	 the	 relative	 reactivity	of	 the	 fuel	
mixtures	in	cooler	and	hotter	zones.		The	authors	concluded	that	a	zero-dimensional	approximation	of	
the	test	may	be	valid	for	RCM	ignition	studies	using	fuels	with	positive	temperature	dependent	reaction,	
even	when	 spatial	 inhomogenieties	 are	 present.	 	 However,	 the	 same	 could	 not	 be	 said	 for	NTC	 fuels	
exhibiting	two-stage	ignition	behavior;	 in	this	case	the	validity	of	a	zero-dimensional	approach	and	the	
interpretation	of	appropriate	state	conditions	for	the	experiments	were	described	as	questionable.			
Nasir	and	Farooq	 [216]	 recently	applied	quantum	cascade	 laser	absorption	 to	make	 time-resolved	
temperature	measurements	(with	time	resolution	<10	µs)	in	both	non-reacting	(CO/N2)	and	reacting	(n-
pentane/air	doped	with	CO)	mixtures.		The	temperature	measurements	were	line-of-sight	averaged	and	




compared	 to	 a	 detailed	 chemical	 kinetic	 model.	 	 The	 time	 resolution	 of	 the	 quantum	 cascade	 laser	






can	 provide	measurements	 of	 short-lived	 radicals,	 as	well	 as	 provide	 additional	 temporal	 and	 spatial	
fidelity	in	comparison	to	gas	sampling.		However,	the	range	of	species	measurements	demonstrated	with	
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small	 sample	 that	minimizes	 the	 impact	 on	 the	 rest	 of	 the	 test	 gases	 in	 the	 RCM.	 	 Figure	 20	 shows	




indicated	 in	Fig.	20a,	minimizes	the	sampling	time	for	the	former	approach.	 	 In	all	cases	an	evacuated	
chamber	is	connected	to	the	test	section	of	the	RCM,	and	the	the	gas	sample	is	extracted	by	expansion.		
The	pressure	differential	between	 the	 test	 section	and	 the	sample	chamber	ensures	 that	 the	 reaction	
progress	of	 the	 test	 gas	mixture	 is	quenched	by	 rapidly	decreasing	 the	 temperature.	 	When	 sampling	
valves	are	used,	the	studies	are	usually	limited	to	compressed	pressures	of	pc	<	30	bar	due	to	difficulties	













	 Gas-sampling	 has	 been	 applied	 to	 RCM	 experiments	 for	 decades	 led	 by	 the	 pioneering	 work	 of	





The	 ignition	study	by	Fish	et	al.	 [73]	demonstrated	how	insightful	gas	sampling	can	be	 in	terms	of	
elucidating	reaction	chemistry.		Using	sampling	and	gas	chromatography,	the	authors	quantified	over	40	
intermediate	 species	 formed	during	2-methylpentane/air	 ignition	 studies,	 as	well	 as	upper	 limits	on	7	









be	extrapolated	 from	similar	 species	 (same	number	of	 carbon	atoms,	 same	 functional	 groups),	 at	 the	
expense	of	increased	uncertainty	relative	to	calibration	factors	based	on	absolute	standards.		Detection	




or	 condense	 in	 the	 manifold	 that	 connects	 the	 reaction	 chamber	 to	 the	 analytical	 unit.	 	 However,	
quantitative	and	accurate	measurements	can	be	readily	made	for	many	species,	and	recent	improvements	
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in	 analytical	 techniques,	 such	 as	 multidimensional	 GC	 [220],	 hold	 promise	 for	 providing	 isomeric	
distinction	between	many	intermediate	species.	












measurements	 from	 RCM	 studies	 at	 Tsinghua	 University	 have	 highlighted	 discrepancies	 in	 model	
predictions	of	intermediate	species	during	iso-butanol	ignition	[233].	
	
Figure	 21.	 	 Stable	 intermediate	 time	 histories	 (mole	 fraction)	 during	 methyl	 trans-3-hexenoate	








UHCs,	 etc.)	 and	 have	 been	 used	 to	 quantify	 combustion	 efficiency	 in	 RCM	 fuel	 studies	 [234]	 and	 to	
measure	NOx	production	[189,234,235].		The	primary	products	of	combustion	are	typically	measured	post-
ignition.		By	physically	sampling	at	different	times	after	the	end	of	compression,	physical	sampling	and	






autoignition	 processes	 relevant	 to	 LTC.	 	 Because	 radicals	 recombine	 during	 most	 physical	 sampling	
methods,	 attractive	 in	 situ	 diagnostics	 to	measure	 radicals	 are	 absorption,	 emission	 and	 fluorescence	
spectroscopy.		Of	course,	stable	species	can	be	measured	using	absorption	and	emission	diagnostics,	and	












tungsten-iodine	 lamps)	 which	 were	 spectrally	 filtered	 (e.g.,	 using	 monochromators)	 to	 target	
measurements	of	the	species	of	interest	like	NO2	and	HNO	[118].		As	noted	in	[73],	care	must	be	taken	to	
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with	 gas	 chromatography	 measurements,	 and	 allowed	 the	 authors	 to	 propose	 a	 detailed	 oxidation	
pathway	for	2-methylpentane	at	intermediate	temperatures	and	high	pressures	(Tc	=	713–933	K,	pc	=	10–
40	bar).	
Emission	 from	 chemiluminescence	 has	 been	 extensively	 applied	 to	 RCM	 studies	 to	 document	 the	
spatial	and	temporal	characteristics	of	autoignition.		These	measurements	have	been	enabled	by	dramatic	
improvements	in	the	past	decade	in	the	time	response	and	sensitivity	of	high-speed	complementary	metal	
oxide	 semiconductor	 (CMOS)	 cameras.	 	 The	 high	 intensities	 of	 chemiluminescence	 that	 occurs	 during	
ignition	are	well	captured	using	modern	CMOS	cameras	which	can	provide	temporal	resolution	of	over	
250,000	 frames	 per	 second.	 	 Results	 of	 high	 speed	 imaging	 studies	 include	 identifying	 conditions	
associated	with	homogeneous	and	 inhomogeneous	 ignition	behavior	 [204,238,239],	characterizing	 the	
effects	 of	 charge	 stratification	 and	 induced	 turbulence	 [113,240,241],	 identifying	 spatial	 features	
associated	with	knocking	conditions	[74,183,242]	such	as	the	formation	of	shock	waves	during	knocking	
[127,241],	 and	 the	 effects	 of	 thermal	 stratification	 on	 ignition	 	 [164,167,215].	 	 Figure	 22	 presents	
chemiluminescence	 imaging	data	 acquired	by	Griffiths	et	 al.	 [74]	 during	 studies	of	 knocking	 and	non-




where	 key	 species	 like	ȮH	 and	NO	have	 resonant	 features	 and	 are	 often	 used	 as	 the	 sensor	 array	 in	
fluorescence	studies	which	are	discussed	below.		In	the	work	by	Lim	et	al.	[163],	the	authors	used	ICCD	









chemiluminescence	 investigations,	 or	 by	 doping	 the	 reactant	mixtures	with	 additives.	 	 Recently,	 laser	
absorption	 methods	 have	 been	 applied	 to	 RCM	 studies	 to	 measure	 targeted	 species,	 where	 this	 is	
different	 from	 early	 absorption	 or	 emission	 studies	 which	 used	 recorded	 spectral	 characteristics	 to	
identify	 various	 species.	 	 When	 additives	 such	 as	 acetone,	 toluene	 or	 water	 are	 used,	 experimental	
validation	must	typically	be	undertaken	in	order	to	demonstrate	that	the	autoignition	processes	are	not	
significantly	perturbed	(chemically,	thermally	or	otherwise)	by	the	additives.			
He	 et	 al.	 [243]	 were	 the	 first	 to	 apply	 narrow-line	 absorption	 of	 ultraviolet	 emission	 to	 ȮH	
measurements	 during	 ignition	 studies	 of	 iso-octane.	 	 Following	 this,	 Sung	 and	 co-workers	 [236,244]	
applied	 quantum	 cascade	 lasers	 to	 use	 near	 infrared	 laser	 scanning	 (200	 Hz)	 to	 obtain	 line-of-sight	
averaged	temperature	measurements	based	on	H2O	spectra	with	both	non-reacting	and	reacting	gases	in	




24	 [236].	 	Uncertainties	 in	 temperature	and	H2O	concentration	were	 reported	 to	be	±11%	and	±16%,	
respectively,	for	undoped	conditions,	which	were	reduced	to	nearly	±1%	and	±5%,	respectively,	for	tests	
where	 0.6%	 H2O	 was	 seeded	 into	 the	 test	 mixture,	 and	 these	 were	 within	 ±5	 K	 	 of	 adiabatic	 core	
















simulation	 results	 using	 different	 reaction	 mechanisms	 and	 thermodynamic	 data.	 	 The	 residual	






Figure	 24.	 	 Temperature	 and	 H2O	 measurements	 obtained	 using	 near	 infrared	 laser	 absorption	
spectroscopy	during	H2/O2	RCM	autoignition	studies	where	the	test	mixture	was	seeded	with	0.5%	H2O.		
Simulation	 results	 using	 the	 adiabatic	 core	 hypothesis	 are	 presented	 as	 the	 dashed	 lines	 and	 the	




	 Few	RCM	studies	have	 focused	on	quantifying	 flow	 field	velocities,	even	 though	such	data	can	be	
important	 towards	understanding	a	number	of	physical-chemical	 interaction	phenomena.	 	The	 lack	of	
data	may	be	attributed	to	challenges	associated	with	making	these	measurements.		In	particular,	intrusive	
methods	such	as	hot	wire	anemometry	[205,247]	can	distort	the	flow	field,	and	are	generally	limited	to	













gases	 in	 situ,	 using	 a	 pre-test	 residence	 time	 of	 2	 min	 to	 minimize	 residual	 flows.	 	 They	 conducted	
measurements	of	 the	flow	fields	created	 in	their	square	cross-section	RCM	where	autoignition	of	 lean	
methane/air	mixtures	was	studied.		They	combined	the	PIV	data	(acquired	using	a	laser	pulse	interval	of	





ignition	delay	 time	 is	 the	shortest.	 	Heat	 is	 released	by	a	combination	of	deflagrative	and	autoignitive	











separate	 tests.	 	 Note	 that	 the	 PLIF	 measurements,	 due	 to	 signal	 to	 noise	 ratio	 limitations,	 were	
conducted	for	only	one	half	of	the	reaction	chamber	bore	and	the	uniformly	symmetric	temperature	
field	is	assumed	and	imposed	in	the	top	panels.		The	emission	intensity	contours	were	acquired	from	
high	 speed	 imaging	 using	 a	 CMOS	 camera	where	 Tc	 =	 945	 and	 928	 K	 and	 pc	 =	 38.4	 and	 40.7	 bar,	
respectively.		(adapted	from	[215]	with	permission	of	Elsevier)	
	
The	 study	 by	 Guibert	 et	 al.	 [240]	 similarly	 leveraged	 multiple	 advanced	 diagnostics	 and	 further	
considered	the	effects	of	turbulence	intensity	on	autoignition	behavior	in	the	test	section	of	their	RCM.		
Fig.	26	presents	instantaneous	results	from	the	PIV	measurements	where	starch	particles	with	dmean	=	20	






















Figure	 27.	Mean	 total	 kinetic	 energy	 derived	 from	 PIV	 data	 as	 a	 function	 of	 time	 after	 the	 end	 of	
compression.		The	unshaded	bars	show	the	average	measured	autoignition	delay	time	at	Tc	≈	840	K	and	
pc	≈	37	bar.		The	shaded	bars	represent	the	time	from	the	end	of	compression	to	the	maximum	pressure,	






The	 development	 and	 application	 of	 standard	 and	 advanced	 RCM	 diagnostics	 have	 followed	 an	
exciting	evolution.		Whereas	the	studies	discussed	here	indicate	a	general	pattern	for	temperature	field	
measurements,	 one	 should	 be	 cautious	 with	 generalizations.	 	 Mixture	 composition	 and	 operating	
pressure	can	affect	the	heat	transfer	properties	of	the	experiments,	via	the	thermal	diffusivity,	while	RCMs	
use	 different	 strategies	 to	 create	 the	 experimental	 conditions	 of	 interest,	 for	 example	 square	 versus	
circular	 cross-sections,	 with	 and	 without	 piston	 crevice	 volumes,	 wall	 heating	 versus	 ambient	
surroundings,	 compression	 ratio	 versus	 diluent	 composition	 change,	 reacting	 versus	 non-reacting	
mixtures,	and	so	on.		Therefore,	the	reaction	chamber	conditions,	for	example	the	presence	and	strength	
of	 thermal	 gradients,	 are	 not	 identical	 from	 one	 study	 to	 the	 next.	 	 Furthermore,	 variability	 in	 each	
experiment	can	also	affect	interpretation	of	the	results	for	techniques	that	utilize	line-of-sight	averaging,	




be	 considered.	 	 Additionally,	 all	 results	 to	 date	 have	 been	 one-	 or	 two-dimensional	 measurements,	
although	the	data	indicate	three-dimensional	flow	fields	can	be	formed	during	RCM	experiments.		Within	
these	 caveats,	 the	 results	 of	 the	 studies	 presented	 here	 suggest	 that	 for	 RCMs	 configured	 to	 study	
autoignition	chemistry	by	suppressing	large	scale	fluid	motion,	thermal	boundary	layers	can	grow	to	5	mm	
thick	during	the	test	period,	and	random	fluctuations	in	temperature	can	be	lowered	to	less	than	1%,	with	







measurements	 sometimes	 show	 significant	 discrepancies	 between	 the	 model	 predictions	 and	 the	





























conditions.	Modeling	 is	 often	undertaken	 to	 complement	RCM	experiments,	 for	 instance	 towards	 the	





and	definitions	of	 parameters	 used	 later	 in	 this	 text.	 	 Furthermore,	 various	modeling	 frameworks	 are	
described,	where	these	are	able	to	provide,	with	increasing	fidelity,	representations	of	facility	effects	and	
coupled	physical-chemical	interactions	that	can	occur	within	a	reaction	chamber	during	a	test.		There	are	
still	 many	 open	 questions	 concerning	 modeling	 approaches	 for	 RCM	 experiments	 so	 that	 rigorous	
recommendations	 of	 ‘best	 practices’	 cannot	 be	 made	 at	 this	 time,	 however	 the	 state-of-the-art	 is	
summarized	at	the	end	of	the	section.	
4.1.	Definitions	
	 Factors	 which	 influence	 the	 development	 of	 autoignition	 behaviors	 include	 thermal	 and/or	
compositional	 stratification,	 chemical	 kinetic	 sensitivity,	 endo-/exothermicity	 and	 the	 transport	
characteristics	of	the	reacting	medium.		Stratification	and/or	fluctuations	in	temperature	or	composition	
within	 the	 reacting	 gas	 can	 favor	 different	 chemical	 pathways,	while	 kinetic	 sensitivity	 can	 cause	 the	














even	 further.	 	 The	parameterization	used	 for	 Fig.	 28	 requires	 some	adjustment	 for	 the	wide	 range	of	
machine	configurations	 in	use	today,	covering	those	designed	to	 investigate	autoignition	chemistry,	as	
well	 as	 those	 used	 for	 turbulence-chemistry	 interaction	 (TCI)	 studies,	 and	 this	 is	 an	 area	 of	 active	




















adjustments	 to	pc,	f,	 and	diluent:O2	 ratio,	 in	a	manner	 similar	 to	 shock	 tubes.	 	The	 locations	of	 these	
boundaries	are	somewhat	facility	dependent,	being	functions	of	t50,	surface	area	to	volume	ratio,	etc.,	but	
normally	 ignition	 times	 greater	 than	 2	ms	 and	 less	 than	 150	ms	 are	within	 these	 limits.	 	 The	 kinetic	
sensitivity	of	the	reactive	mixture	can	also	shift	the	‘mixed/DDT’	limit	to	shorter	or	longer	times,	and	this	






	 Autoignition	 experiments	 typically	 use	 pressure-time	 measurements	 as	 the	 primary	 diagnostic.		
Representative	experimental	traces	are	presented	in	Fig.	30	for	reacting	and	non-reacting	tests	using	iso-
octane/air	mixtures	[62].		The	air	in	RCM	experiments	is	typically	a	synthetic	blend	of	O2	and	N2/Ar	and	











as	 the	 location	 where	 the	 pressure-time	 curve	 peaks	 during	 compression	 of	 a	 non-reacting	 mixture,	
though	some	other	definitions	have	also	been	used	[102,133].		The	thermodynamic	state	conditions	are	
typically	evaluated	at	 this	point.	 	The	 time	shown	here	does	not	necessarily	correspond	to	 the	end	of	
piston	travel,	since	at	the	elevated	temperature	conditions	there	is	significant	competition	between	heat	

























[261].	Detailed	CFD	 studies	 conducted	 to	 date	have	highlighted	 challenges	 associated	with	 accurately	
describing	the	laminar-turbulent	transitional	flows	that	exist	within	RCMs,	and	have	indicated	that	low-
fidelity	 turbulence	 models,	 e.g.,	 Reynolds	 Averaged	 Navier	 Stokes	 k-ε,	 may	 be	 inadequate	 towards	
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pressure	and	dV/dt|exp	 the	experimentally	measured	 rate	of	 change	of	 the	 reaction	 chamber	 volume.		
Linear,	 or	 Newtonian	 representations	 for	 cooling	 often	 assume	 spatial	 averaging	 across	 the	 thermal	










process	 was	 incorporated	 within	 their	 analysis	 using	 simplified	 expressions	 for	 the	 measured	 piston	
trajectory.	 	 The	 compression	 process	 was	 segregated	 into	 three	 constant	 velocity	 intervals,	 where	
different	values	were	used	to	approximate	the	acceleration,	coasting	and	deceleration	periods.		Halstead	




was	 subsequently	 demonstrated	 that	 volumetrically-averaged	 state	 conditions	 do	 not	 realistically	
represent	 the	 dominant,	 chemically	 reactive	 conditions	 experienced	 within	 the	 reaction	 chamber	
[267,268].	 	 As	 such,	 significant	 discrepancies	 can	 arise	 between	 the	 HRM	 and	 experimental	
measurements.	
	 Keck	and	co-workers	[269,270]	were	the	first	to	hypothesize	that	autoignition	chemistry	within	the	
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RCM	 experiments.	 	 Minetti	 and	 co-workers	 [80]	 employed	 a	 simplified	 expression	 wherein	 the	
compression	 process	 is	 modeled	 using	 a	 frozen	 chemistry	 assumption,	 i.e.,	 there	 are	 no	 appreciable	
changes	in	composition	or	exothermicity,	while	the	delay	period	is	modeled	under	isochoric	conditions.		
Wooldridge	 and	 co-workers	 [271,272]	 similarly	 used	 a	 frozen	 chemistry	 approximation	 during	











segments	 where	 the	 piston	 was	 assumed	 to	 travel	 at	 constant	 velocity	 through	 the	 majority	 of	 its	
displacement,	with	 a	 constant	 rate	 of	 deceleration	 applied	 at	 the	 end	of	 compression.	 	 The	 assumed	
velocities	 were	 selected	 to	 match	 representative	 experimental	 compression	 histories.	 	 During	 the	
constant	 volume	 period	 an	 analytical	 model	 was	 employed	 to	 simulate	 the	 growth	 of	 the	 thermal	
boundary	 layer	 within	 the	 reaction	 chamber	 and	 this	 was	 converted	 into	 an	 effective	 volumetric	
expansion	of	the	adiabatic	core.		The	constants	for	the	boundary	layer	model	were	adjusted	in	order	to	
match	 experimental	 measurements.	 	 Mittal	 and	 co-workers	 [268]	 used	 a	 similar	 approach	 for	 the	
compression	process,	but	added	a	third	phase	of	constant	acceleration	at	the	start	of	the	piston	motion.		





approximated	by	 two	or	 three	 constant	 velocity	 segments.	 	Details	 concerning	 the	 implementation	of	





















	 In	 this	model	 the	 growth	of	 the	 boundary	 layer	 depends	 on	 the	 thermal	 gradient	 at	 the	 reaction	
chamber	wall;	a	non-dimensional	expression	was	suggested	in	Lee	and	Hochgreb	[141]	to	prescribe	the	
temperature	profile	 across	 the	boundary	 layer.	 	 The	 rate	of	mass	 flow	 to	 the	 crevice	depends	on	 the	
pressure	dynamics	between	the	crevice	and	the	reaction	chamber,	and	it	was	assumed	that	the	flow	is	


















thermal	 layer	 can	 become	 significant	 and	 the	 ‘loss	 of	 adiabaticity’	 limit	may	 be	 reached,	 even	 if	 the	
reacting	 gas	 is	 not	 quenched.	 	 Furthermore,	 within	 the	 NTC	 regime	 the	 ignition	 delay	 time	 may	 be	






spatial	 variations	within	 the	 reaction	 chamber.	 	 Reduced-order,	 non-uniform	 reactor	models	 are	 one	
approach,	where	these	are	less	computationally	expensive	than	for	instance,	large	eddy	simulation	(LES)	
techniques.		Such	models	can	be	classified	as	stratified	or	stochastic,	where	the	former	are	focused	on	
















within	the	core,	as	discussed	 in	[102,170].	 	Analogous	scenarios	can	be	found	 in	shock	tubes	and	flow	








the	 local	 conditions.	 	Monte	Carlo	methods	 can	be	used	 to	 solve	 the	PDF	equation,	 and	Strozzi	et	al.	
employed	 1,000	 individual	 particles	 to	 achieve	 statistical	 convergence.	 	 A	 variety	 of	 approaches	were	
investigated	 for	 addressing	 the	 micro-mixing	 process,	 and	 some	 results	 illustrating	 the	 influence	 of	
different	sub-models	are	presented	in	Fig.	32.		Particle	heat	transfer	was	conducted	using	a	random	walk	
approach	and	this	was	coupled	to	a	mean	convection	term	using	the	IC	engine-based,	Woschni	correlation	











strain	 on	 the	 production	 of	 inhomogeneities	 during	 a	 test,	 which	 is	 one	 way	 that	 small-scale	 non-
uniformities	 can	 be	 generated.	 	 The	 model	 employed	 rapid	 distortion	 theory	 (RDT)	 to	 describe	 the	
evolution	 of	 initial	 distributions.	 	 RDT	 is	 an	 approach,	 based	 on	 linear	 analysis,	 for	 estimating	 how	
turbulent	 fields	 are	 distorted	due	 to	 large-scale	 velocity	 gradients,	 bounding	 surfaces,	 etc.,	which	 are	
applied	for	a	time	shorter	than	the	‘turn-over’	time	of	the	flow.	 	The	effects	of	heat	transfer	were	not	
taken	 into	 account	 directly	 by	 altering	 the	 probability	 distribution	 function,	 for	 instance,	 but	 were	
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approximated	during	the	delay	period	using	a	volumetric	expansion	model	[276]	which	was	easily	coupled	
to	 the	 RDT	 approach.	 	 A	 Lagrangian	 Fokker-Planck	method	was	 employed	 to	 account	 for	 interactions	
amongst	 thermal	and	compositional	 inhomogeneities	 via	 turbulent	mixing	and	diffusion.	 	Closure	was	
obtained	via	a	k-e	formulation	and	an	Interaction	by	Exchange	with	the	Mean	micro-mixing	model.		Due	
to	the	framework	used	for	this	reactor	model,	 initial	PDFs	for	velocity,	 temperature,	and	composition,	










utilized	 to	 simulate	RCM	experiments,	 a	 number	of	 open	questions	 remain	 regarding	 ‘best	 practices’,	
including	 the	 extent	 of	 uncertainties	 associated	with	 various	HRM	approaches	 and	 the	 level	 of	 detail	
necessary	to	minimize	these	for	various	reacting	systems,	as	well	as	how	to	most	appropriately	represent	
complex	 physical-chemical	 inateractions	 in	 a	 computationally-tractable.	 	 Though	 some	 attempts	 to	




















and	 are	 discussed	 in	 detail	 in	 Section	 6,	 some	 important	 work	 has	 considered	 physical-chemical	
interactions,	 often	 in	 specially-designed	 RCM	 configurations,	 as	 described	 in	 Section	 2.	 	 Phenomena	





and	 flow	 reactors	 has	 been	 observed	 for	 many	 years,	 and	 is	 associated	 with	 convolved	
deflagrative/autoignitive	processes.	 	 It	 is	 identified	as	undesirable	 in	 studies	of	 autoignition	 chemistry	
since	 it	complicates	 the	 interpretation	of	datasets,	and	thus	 the	evaluation	and	validation	of	chemical	
kinetic	models	 [287,288].	 	The	fundamental	causes	of	mild	 ignition	and	 its	mitigation	are	of	continued	
interest.		Finally,	knock	can	lead	to	unwanted	engine	noise,	and	result	in	structural	damage	and	engine	
failure	 if	 not	 properly	 eliminated	 via	 operating	 conditions,	 fuel	 selection	 and/or	 combustion	 chamber	
design	[289].	
	 In	this	section,	highlights	of	RCM	studies	of	chemical-physical	interactions	are	presented,	starting	with	
autoignition	 under	 stratified	 thermal	 and/or	 compositional	 conditions,	 followed	 by	 results	 of	 work	
focused	on	turbulence-chemistry	 interactions.	 	RCM	contributions	to	understanding	the	origin	of	mild,	









(improved	to	0.40	mm/pixel	 in	 later	tests).	 	The	details	of	 their	specialized	experimental	configuration	







two	selected	due	 to	 their	greater	 LTHR	at	 the	compressed	conditions.	 	 For	 cases	where	 there	was	no	
compositional	stratification,	the	results	indicated	that	DME	and	n-heptane	are	less	influenced	by	thermal	
stratification,	since	ignition	timings	and	rates	of	pressure	rise	were	similar	across	the	various	conditions.		





were	 seen	 to	 initiate	 heat	 release	 earlier,	 and	 had	 an	 overall	 slower	 heat	 release	 process.	 	 The	
chemiluminescence	 data	 for	 these	 fuels	 also	 highlighted	 changes	 in	 the	 spatial	 development	 of	
autoignition,	 again	 starting	 in	 the	 hotter	 portion	 of	 the	 charge	 and	 propagating	 from	 there.	 	 For	 the	
conditions	explored	in	all	of	these	tests	autoignition	is	expected	to	initiate	in	the	hottest	portions	of	the	
mixture,	since	the	NTC	behavior	is	rather	weak	due	to	the	very	lean	conditions.		Differences	in	observed	
fuel	 response	may	be	attributed	to	the	 fact	 that	DME	and	n-heptane	are	more	reactive	and	therefore	





correlated),	 ignited	 faster,	while	 at	 the	DT	»	 40	 K	 condition,	 in	which	 the	 thermal	 and	 compositional	
gradients	are	in	opposite	directions	(negatively	correlated),	ignited	faster.		These	features	are	probably	
influenced	by	the	behavior	of	the	NTC	region	for	this	fuel/air	mixture.		When	simulated	EGR	was	used,	the	
positively	correlated	mixture	 ignited	earlier	and	faster,	while	 the	negatively	correlated	mixture	 ignited	
later	 and	 took	 longer	 to	 complete	 the	heat	 release	process.	 	Nevertheless,	 these	 characteristics	 have	
implications	 for	 controlling	 the	 autoignition	 and	 heat	 release	 rates	 for	 conventional	 and	 advanced	
















acquired	 using	 a	 high	 speed	 camera	 (5	 and	 9	 kfps))	 with	 a	 resolution	 of	 0.128	 and	 0.256	mm/pixel,	
respectively.	 	 Stoichiometric	 mixtures	 of	 methane/air	 were	 used	 in	 [122,126,215]	 at	 compressed	
temperatures	and	pressures	of	Tc	=	926–945	K,	pc	=	40	bar,	respectively.		Under	these	conditions	no	NTC	




thermal	 expansion	 of	 the	 burned	 gases.	 	 Analysis	 of	 the	 measurements	 indicated	 that	 some	 fronts	
propagated	 with	 high	 apparent	 velocities,	 near	 40–80	 m/s,	 while	 others	 had	 velocities	 that	 were	
moderate,	near	5	m/s.		The	laminar	burning	velocity	at	the	experimental	conditions	was	estimated	to	be	
near	 1	 m/s.	 	 The	 results	 suggested	 different	 modes	 of	 front	 propagation,	 and	 so	 the	 PLIF-derived	
temperature	fields	were	analyzed	with	the	theory	of	Zeldovich	[248],	Gu	et	al.	[249]	and	Sankaran	et	al.	
[290].	 	 Fairly	 good	 correlation	 was	 found	 for	 the	 delineation	 between	 spontaneous	 autoignition	 and	








hexane	 and	 an	 n-heptane/methylcyclohexane	 blends	 were	 used	 at	 pc	 =	 12	 and	 15	 bar,	 respectively,	
covering	Tc	=	700–900	K.		As	with	their	earlier	work	[215],	they	found	that	the	reaction	progress	was	not	
significantly	influenced	by	the	local	turbulence	levels,	with	most	of	the	propagation	done	by	compression	




























chamber	 and	 eventually	merged.	 	 For	 both	 fuel	mixtures,	 at	 the	 leanest	 conditions	 the	 displacement	
speeds	increased	slightly	with	time	due	to	compression	of	the	unburned	mixture	by	the	expanding	burned	
gases.		For	the	richest	iso-octane/air	mixture,	the	increases	in	displacement	speed	were	more	significant,	
while	 the	 reacting	 charge	 transitioned	 to	 volumetric	 autoignition	before	 the	 front	 could	 consume	 the	
unreacted	 gas.	 	 The	 authors	 concluded	 that	 in	 the	 presence	 of	 significant	 turbulent	 fluid	motion	 and	
thermal	 inhomogeneities,	 kinetic	 interactions	 can	 be	 important	 during	 all	 stages	 of	 combustion.	 	 For	












turbulent	 mixing	 dissipation	 was	 longer	 than	 the	 chemical	 time	 scale.	 	 The	 enhanced	 temperature	
gradient	then	favored	the	development	of	a	propagation	front,	where	the	initially	wrinkled	front	became	















in	 shock	 tubes,	 for	 instance	 when	 the	 end	 gas,	 or	 unburned	 mixture	 is	 sufficiently	 heated	 by	 the	






larger,	with	 fractions	 approaching	 20–80%	 [292].	 	Measured	 ignition	 delay	 times	 during	mild	 ignition	
















mild	 ignition	were	 conducted	by	Saytzev	and	Soloukhin	 [295]	using	an	optically	 accessible	 shock	 tube	
where	they	employed	schlieren	block	photography	and	moving	picture	techniques	for	tests	using	H2/O2	










chain-branching	 chemistry	 via	 Ḣ+O2=Ö+ȮH	 to	 degenerate-branching,	 or	 intermediate-temperature	
chemistry	via	Ḣ+O2(+M)=HȮ2(+M),	where	this	is	described	more	in	Section	6.	
	 Oppenheim	and	 co-workers	 [297,298][299]	used	a	 square	 cross-section,	 optically	 accessible	 shock	
tube	to	perform	measurements	employing	stroboscopic,	laser-schlieren	imaging	techniques	to	visualize	































measurements	 and	 records	of	 CH*	emissions	 (430.7	nm),	 as	well	 as	 data	 from	 thin-film	heat	 transfer	
gauges.	 	 Their	 measurements	 highlighted	 spatial	 details	 of	 the	 convolved	 deflagrative/autoignitive	
processes,	and	the	transitions	to	detonation	in	their	devices.		Ciezki	and	Adomeit	[300]	identified	an	initial,	
slowly	 rising	pressure	and	no	merging	of	 the	 reflected	shock	and	reaction	 front,	while	 they	noted	 the	
transition	from	strong	to	mild	ignition	was	not	abrupt	for	n-heptane,	as	was	seen	with	other	fuels,	e.g.,	
hydrogen	[297],	but	occurred	over	a	range	of	temperatures,	where	the	deflagrative	portion	of	 ignition	













detail,	 and	 correlations	between	 the	 visual	 records	and	 recorded	data	 from	pressure	 transducers	 and	
photomultiplier	detectors	were	noted.	 	Blumenthal	et	al.	 [301]	distinguished	mild	 ignition	from	strong	
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ignition	such	that	flame	kernels	were	absent	from	strong	ignition	events.		Based	on	this	definition	they	
concluded	 that	 over	 at	 least	 some	 portion	 of	 the	 thermodynamic	 range	 explored,	 all	 three	 fuels	






















calculations,	 it	 introduces	additional	experimental	and	modeling	uncertainties.	 	As	such,	a	constrained	
reaction	 volume	 concept	 for	 shock	 tubes	 has	 been	 developed	 [307]	 in	 an	 attempt	 to	 eliminate	mild	
ignition	 phenomena,	whereby	 fuel	 is	 loaded	 only	 near	 the	 endwall	 of	 the	 driven	 section	 to	minimize	
exothermic	effects.	
	 These	 shock	 tube	 investigations	 identified	 complex	physical	 and	 chemical	dynamics	 that	 influence	
mild	 ignition	 phenomena,	 where	 sensitivities	 to	 inhomogeneities	 in	 the	 mixture,	 impurities,	 wall	
properties,	and	the	generation	of	local	hot	spots	were	highlighted.		More	recent	experimental	works	have	
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extended	 these	 insights	 [308–311],	 and	 detailed	 simulation	 techniques	 have	 been	 used	 where	 the	
development	and	evolution	of	non-uniformities	caused	by	gas	dynamic	processes,	especially	boundary	
layer	interactions	with	the	reflected	shock	wave	and	shock	bifurcation,	have	been	studied	[86,312–314].		
These	 phenomena	 become	 very	 important	 at	 long	 induction	 times.	 	 Gas	 dynamics	 are	 generally	





































measurements,	 and	 comparisons	 with	 a	 chemical	 kinetic	 model	 were	 shown.	 	 Using	 the	
chemiluminescence	 records,	 the	 speeds	 of	 the	 reacting	 fronts	 were	 estimated	 and	 compared	 with	












	 Assanis	et	al.	 [315]	 investigated	spark-assisted	autoignition,	or	what	could	be	considered	as	 ‘near’	
mild	ignition	conditions,	where	iso-octane	was	again	used	as	the	fuel.		For	this	study	a	local	hot	spot	was	






traces.	 	 Visual	 records	 and	 pressure	 measurements	 were	 made,	 similar	 to	 the	 previous	 works.	 	 The	
behaviors	of	the	front	propagation	process	under	spark-ignited	conditions	were	found	to	be	comparable	
to	mild	ignition	seen	in	the	non-sparked,	or	spontaneous	ignition	tests	studied	in	Walton	et	al.	[272]	and	
[213].	 	For	 instance,	some	mixtures	were	determined	to	be	 incapable	of	sustaining	the	 imposed	flame	
front,	while	others	could	easily	do	so.		The	authors	labeled	the	former	conditions	as	‘below	flammability	
limit’.	 	This	categorization	is	analogous	to	the	incapacity	of,	or	propensity	for	mixtures	to	exhibit	flame	
propagation	during	spontaneous	 ignition	 tests,	as	noted	 in	early	work	by	Taylor	et	al.	 [69].	 	The	 front	
velocities	for	each	mixture	were	again	determined	using	the	chemiluminescence	records,	and	these	values	








[301]	 and	 [317],	 were	 included	 in	 the	 diagram.	 	 Three	 theoretical	 approaches	 were	 employed	 in	 an	
attempt	to	explain	 the	demarcation	between	strong	and	mild	 ignition	regimes.	 	The	 first	analyzed	the	
classical	 and	 extended	 second	 explosion	 limits	 for	 H2/O2	 mixtures,	 as	 suggested	 by	 Voevodsky	 and	
Soloukhin	 [296].	 	 At	 low	 pressure	 the	 demarcation	 agreed	 well	 with	 these	 limits,	 however	 at	 higher	
pressures	the	agreement	was	not	good.		The	second	method	was	based	on	the	thermal	sensitivity	of	the	
mixture,	 as	 suggested	by	Meyer	 and	Oppenheim	 [297].	 	 The	gradient	of	 ignition	 time	with	 respect	 to	
temperature,	(¶t/¶T)p,	was	calculated	for	the	H2:CO	=	0.7	mixture	and	isopleths	were	presented	at	the	





before	 the	 upstream,	 or	 unburned	 mixture	 can	 autoignite.	 	 This	 criterion	 was	 initially	 proposed	 by	
Zeldovich	[248],	and	revisited	by	Gu	et	al.	[249]	and	Sankaran	et	al.	[250].		The	reaction	front	propagation	
rates	were	estimated	using	an	assumed	thermal	gradient,	e.g.,	(dt/dx)-1	=	((dt/dT)´(dT/dx))-1,	where	this	
accounts	 for	 influences	of	molecular	 transport.	 	 It	was	postulated	heterogeneous	deflagration	 is	more	














	 Finally,	 Mansfield	 et	 al.	 [316]	 extended	 their	 analysis	 to	 mixtures	 with	 iso-octane	 as	 the	 fuel.		
Experiments	were	conducted	covering	Tc	=	740–1125	K	and	pc	=	3–30	bar,	while	focusing	on	f	=	0.25	and	













integral	 scale	 Dal	 and	 mixing	 scale	 Daλ,	 the	 turbulent	 Reynolds	 number,	 and	 includes	 a	 sensitivity	
parameter,	K,	for	the	ignition	delay	which	is	based	on	the	prior	work	by	Zeldovich	[248],	Gu	et	al.	[249]	
and	 Sankaran	 et	 al.	 [290].	 	 This	 regime	 diagram	 was	 supported	 by	 data	 from	 [204]	 and	 by	 recent	
computational	studies	of	syngas	autoignition	 [292,320]	where	mild	 ignition	due	to	 local	hot	spots	was	
investigated.		As	seen	in	Fig.	35,	strong	or	volumetric	ignition	is	predicted	to	occur	when	the	mixture	is	


















an	 RCM	 to	 study	 the	 influence	 of	 fuel	 structure	 and	 fuel	 loading	 on	 end	 gas	 autoignition	 and	 the	
development	of	knock.		n-Heptane,	iso-octane,	benzene,	triptane	(2,2,3-trimethylbutane),	and	n-butane	
























that	 had	 been	 removed	 from	 the	 reaction	 chamber	 walls,	 e.g.,	 nickel,	 especially	 during	 knocking	
conditions.	Under	spontaneous	ignition	conditions	OH*	emission	was	visible,	but	weak,	while	under	spark-
ignited	and	knocking	conditions	the	OH*	emission	intensity	grew	significantly.		The	GC	analysis	identified	
both	 hydrocarbons	 and	 oxygenates	 as	 the	 organic	 products	 resulting	 from	 spontaneous	 ignition.	 	 C2	
hydrocarbons	 were	 the	 major	 constituents,	 along	 with	 smaller	 yields	 of	 propylene,	 iso-butene,	
isopentane,	 hexenes	 and	 benzene.	 	 Oxygenates	 included	 acetone,	 butanone,	 propionaldehyde,	
isobutyraldehyde,	 acrolein,	 methacrolein,	 3-methyloxetan,	 2,2-dimethyltetrahydrofuran,	 2,4-
dimethyltetrahydrofuran,	methyl	 vinyl	 ketone,	 and	 larger	 saturated	 and	 unsaturated	 ketones.	 	 Under	
sparked	conditions	with	no	or	minimal	knock,	no	oxygenates	or	products	 typical	of	 first-stage	 ignition	
were	 formed	 in	 detectable	 concentrations.	 	 However,	 as	 the	 intensity	 of	 knock	 increased,	 products	
associated	 with	 spontaneous	 ignition	 were	 observed	 with	 increasing	 concentration.	 	 The	 results	
supported	the	idea	that	knock	in	IC	engines	is	primarily	related	to	autoignition	of	the	end	gas,	as	opposed	
to	DDT	phenomena.	








with	 associated	 PIHR.	 	 As	 discussed	 previously,	 these	 processes	 can	 evolve	 due	 to	 thermal	 non-
uniformities	within	 the	 reaction	chamber.	 	 The	authors	 found	 that	 the	n-butane	mixtures	more	easily	
transitioned	 to	 rapid	 heat	 release	 where	 a	 greater	 portion	 of	 the	 reaction	 enthalpy	 was	 released	
simultaneously,	after	which	acoustic	waves	with	large	amplitude	ensued.		For	the	 iso-butane	mixtures,	
most	 of	 the	 reactants	were	 consumed	 by	 propagating	 flamelets	 by	 the	 time	 chain-thermal	 explosion	
occurred	so	that	no	gas	dynamic	phenomena	ensued.	






at	 two	 initial	 pressure	 ranges	 yielding	 pc	 =	 7.9–8.4	 and	 13.8–14.8	 bar.	 	 A	 range	 of	 compressed	
temperatures	was	targeted	covering	the	transition	from	low	temperature	chemistry	to	NTC	chemistry,	
i.e.,	Tc	=	650–950	K	for	n-heptane,	and	Tc	=	690–820	K	for	n-pentane,	where	the	diluent	gas	composition	
was	 modified	 to	 achieve	 these	 conditions.	 	 The	 transition	 from	 low	 temperature	 chemistry	 to	 NTC	
behavior	for	the	n-heptane	and	n-pentane	mixtures	occurred	near	Tc	=	740–760	K.		Pressure-time	histories	









































used	 to	cover	pc	=	9.8–14	bar	and	Tc	=	678–736	K.	 	High	speed	 images	were	acquired	 (9	kfps)	using	a	
Bowditch-style	piston,	and	laser	extinction	measurements	were	made	via	a	He-Ne	laser	directed	through	
the	 side	 wall.	 	 The	 imaging	 measurements	 indicated	 that	 the	 spontaneous	 ignition	 process	 was	 not	
uniform,	 due	 to	 gradients	 generated	 by	 their	 uncreviced	 piston,	 as	 well	 as	 the	 mixture	 preparation	
process.	 	 The	 authors	 found	 some	 of	 the	 tests	 produced	 strong	 knocking	 conditions,	 as	 a	 result	 of	
thermokinetic	 interactions,	 while	 others	 did	 not.	 	 They	 created	 a	 regime	 diagram	 as	 a	 function	 of	
compressed	temperature,	stoichiometry	and	extent	of	dilution,	where	the	resulting	transition	between	
non-knocking	 and	 knocking	 behavior	 corroborated	 the	 findings	 of	 Griffiths	 and	Whitaker	 [181],	while	
mapping	the	behavior	over	a	much	wider	range	of	test	conditions.	
5.4.2.	Flame–autoignition	interactions	
	 Hayashi	et	 al.	 [182]	 used	 an	optically	 accessible	 rapid	 compression	 expansion	machine	 (RCEM)	 to	
investigate	flame-autoignition	interactions	where	a	spark	plug	 located	in	the	cylinder	wall	was	used	to	
force	ignition.		The	spark	timing	was	varied	from	60	to	120	degrees	before	TDC	(i.e.,	12–25	ms	before	the	
end	of	 compression),	where	tC	»	 40	ms.	 	 They	used	mixtures	of	n-butane/air	with	 a	 narrow	 range	of	
stoichiometry,	f	=	0.9–1.1,	at	compressed	conditions	(without	spark)	near	pc	=	20	bar	and	Tc	=	650–800	K.		














the	 reaction	 chamber	 to	 the	 other.	 	 No	 piston	 crevice	 was	 used	 in	 their	 machine,	 but	 the	 authors	












there	was	 no	 generation	of	 gas	 dynamic	waves	within	 the	 reaction	 chamber.	 	 For	 the	 forced	 ignition	








	 Katsumata	et	 al.	 [183]	 used	 an	 optically	 accessible	 RCM	 (tC	 ≈	 5	ms)	 to	 investigate	 forced	 ignition	
conditions	where	a	 spark	probe	was	 inserted	 into	 the	 reaction	chamber	 to	generate	a	 spark	near	 the	





the	flame.	 	 In	both	spark	configurations,	 they	observed	SWACER	features	as	spontaneous	 ignition	was	
induced	near	the	walls	of	the	reaction	chamber,	similar	to	the	observations	of	Pöschl	and	Sattelmayer	





blended	 at	 stoichiometric	 proportions	 with	 either	 argon	 [184]	 or	 nitrogen	 [185,186]	 as	 the	 diluent.		
Pressure	data	were	recorded	at	100	kHz,	while	high	speed	images	were	recorded	at	45	or	288–360	kfps,	
respectively.		Higher	resolution	was	used	under	the	lower	frame	rate	conditions,	e.g.,	0.1	mm/pixel	versus	




local	 temperature	 about	 2–3%	 greater	 than	 the	 surrounding	 gas.	 	 The	 authors	 reported	 that	 out	 of	
hundreds	of	tests	performed,	only	a	few	initiated	inhomogeneously,	and	they	argued	this	behavior	was	













for	 detonation	 within	 the	 reaction	 chamber.	 	 They	 used	 forced	 ignition	 conditions	 and	 employed	 a	
commercial	 spark	 plug	 where	 the	 electrodes	 were	 extended	 to	 the	 central	 portion	 of	 the	 reaction	
chamber.		The	spark	timing	was	controlled	to	within	1	ms	after	the	end	of	compression.		The	compression	
ratio	of	 the	machine	was	adjusted	 to	 cover	Tc	 =	640	 to	730	K,	with	pc	 =	10–30	bar.	 	 The	 compressed	
conditions	were	used	to	represent	boosted	spark-ignited	engines,	and	differently	from	their	earlier	study	









autoignition	 increased	 and	 small	 pressure	waves	were	 initiated.	 	Detonation,	 on	 the	other	 hand,	was	
















using	 a	 high-speed	 camera	 and	 local	 flame	 propagation	 speeds	 were	 deduced	 via	 image-processing	
software.		The	authors	noted	for	all	four	fuel	blends	the	initial	flame	speeds	were	near	5	m/s,	and	an	initial	














the	pressure	 transducer.	 	 The	pressure	data,	 recorded	at	200	kHz,	were	analyzed	using	a	Fast	Fourier	
Transform	(FFT)	method	after	the	main	ignition	event	in	order	to	discern	the	characteristics	of	the	acoustic	
energy.	 	 They	 found	 that	 the	 knock	 intensity,	 represented	by	 the	 total	 acoustic	 energy,	was	 inversely	
dependent	 on	 the	 extent	 that	 flame	 propagation	 had	 been	 completed	 before	 the	 onset	 of	 end-gas	
autoignition.	 	 Furthermore,	 most	 of	 the	 energy	 was	 contained	 within	 the	 first	 tangential	 mode,	
corresponding	to	knock	typically	seen	in	IC	engines	[323].	
	 Qi	et	al.	[187]	also	studied	the	evolution	of	gas	dynamics	under	forced	ignition	conditions	within	an	
optically	 accessible	 RCM.	 	 They	 utilized	 a	 commercial	 spark	 plug	 located	 in	 the	 wall	 of	 the	 reaction	
chamber	with	stoichiometric	mixtures	of	 iso-octane/air	where	 the	geometric	compression	 ratio	of	 the	
machine	 was	 set	 to	 11.35.	 	 The	 compressed	 temperatures	 were	 close	 to	 Tc	 =	 645	 K,	 while	 three	
compressed	pressures	were	investigated,	pc	=	17,	19.5,	23	bar.		The	higher	pressures	were	used	to	increase	




concerning	 local	 pressure	 and	 temperature	 fluctuations	 since	 the	 pixel	 sensitivity	 captured	 small	
variations	 in	 luminosity.	 	The	FFT	analyses	 indicated	discrepancies	between	the	optical	signals	and	the	
pressure	records,	which	the	authors	attributed	to	the	recessed	mounting	of	the	transducer.		In	agreement	
with	 Kono	 et	 al.	 [107],	 the	 FFT	 analysis	 also	 indicated,	 that	 the	 dominant	 acoustic	 mode	 of	 the	 gas	
dynamics	was	the	first	tangential	mode,	while	the	second	tangential	mode	was	also	important,	particularly	
at	the	intermediate	pressure	condition	investigated.		Via	the	high	speed	images,	the	authors	also	detected	











levels	 that	 have	 been	 experimentally	 measured	 within	 the	 adiabatic	 core	 of	 well-controlled	 reaction	
chambers,	i.e.,	those	utilizing	creviced	pistons.		Based	on	this,	it	is	evident	that	care	must	be	taken	when	




within	operating	 IC	engines,	and	potential	exists	 for	 investigating	still-open	questions	related	to	knock	
including	the	generation	of	 localized	exothermic	centers,	the	characterization	of	 large-	and	small-scale	
structures,	as	well	as	 the	ability	 to	adeaquately	model	 relevant	processes	 for	engine	design	purposes.		















Introduction.	 	 This	 section	 details	 the	 vast	 array	 of	 knowledge	 developed,	 complementing	 other	
experimental	platforms	and	covering	a	range	of	fuels	using	RCMs,	progressing	from	discussion	of	RCM	
results	for	fuels	with	the	simplest-structures,	H2	and	CO,	to	discussion	of	systematically	more	complex	fuel	
structures,	 specifically	 alkanes,	 alkenes,	 aromatics,	 oxygenates	 and	 closing	 with	 a	 discussion	 of	 RCM	













	 At	 temperatures	as	 low	as	500–600	K,	 the	 fuel-derived	alkyl	 radicals	 react	 rapidly	with	O2	 to	 form	
alkylperoxyl	radicals,	ROȮ	(R2a),	which	can	lead,	through	various	transformations	as	marked	in	(R3a)	and	
(R3b),	to	the	formation	of	hydroperoxide	species	and	hydroperoxyalkyl	and	other	small	radicals.	These	in	
turn	can	react	with	additional	 fuel	molecules	by	metatheses	 in	order	 to	regenerate	alkyl	 radicals.	This	
causes	 a	 propagation	 chain	 in	 which	 ȮH	 radicals	 are	 the	 main	 chain	 carriers.	 The	 formation	 of	
hydroperoxides	is	important,	because	these	species	contain	a	weak	O–OH	bond	whose	breaking	leads	to	
the	formation	of	two	radicals,	which	can	then	react	again	with	fuel	molecules	to	give	further	alkyl	radicals.	












After	LTHR,	 the	 reactivity	 slows	 in	part	due	 to	a	 shift	 in	equilibrium	to	 the	 reverse	of	 (R5a),	while	 the	
concentration	 of	 H2O2	 increases	 due	 to	 H-atom	 abstraction	 reactions	 by	 HȮ2	 radicals,	 as	 well	 as	




and	 pressure	 are	 sufficient	 for	 H2O2	 to	 decompose	 into	 two	 ȮH	 radicals,	 causing	 the	 intermediate	










temperature	 increases.	The	competition	between	channels	 leading	 to	 low-temperature	branching	and	
those	producing	less	reactive	products,	such	as	alkenes	and	cyclic	ethers	(R5c),	accounts	for	(at	least	in	
part)	 the	 decrease	 in	 reactivity	 of	many	 fuels	 when	 the	 extent	 of	molecular	 branching	 increases,	 for	
example	from	n-butane	to	2-methylpropane.	Analogously,	the	increase	in	reactivity	when	the	length	of	
the	 linear	 carbon	 chain	 increases,	 for	 example	 from	 n-butane	 to	 n-pentane,	 results	 from	 the	 larger	
number	of	 sites	at	which	 internal	 isomerization	 reactions	 (R3a,R7)	 can	occur.	 In	 the	NTC	 regime,	 self-
heating	of	the	system	can	also	play	an	important	role,	where	this	transitions	from	LTHR	to	ITHR.	The	extent	
of	preliminary	exothermicity	 is	typically	 lower	at	higher	temperatures,	with	Dp1	being	smaller,	and	the	














	 Studies	 of	 autoignition	 chemistry	 can	 generally	 be	 classified	 based	 on	 the	 fuels	 investigated.	 As	













investigations	during	 the	 last	 century	 focused	on	 trends	observed	within	conventional	engine	 regimes	
[69,105,293],	recent	activities	are	often	undertaken	to	acquire	rigorous	measurements	which	can	be	used	
to	develop	and	validate	detailed	chemical	kinetic	models	covering	a	wide	range	of	conditions.	Particular	







	 Hydrogen	 is	 an	 important	 fuel,	 not	 only	 because	 there	 is	 potential	 to	 generate	 hydrogen	 via	









in-homogeneities	 [305,342].	 	 Early	 ignition	 and	 non-uniform	 (i.e.,	mild)	 ignition	 has	 been	 observed	 in	
many	historical	studies	due	to	such	issues.	Hydrogen	explosion	limits	at	low	temperatures	have	previously	
















Mixture	Composition	 Diluent:O2	 f	 Reference	
Hydrogen	 950–1050	 6–40	 H2/O2/Ar	 5.00	 1.0	 [335]	
Hydrogen	 950–1100	 15–50	 H2/O2/Ar/N2	 13.0	 1.0	 [340,341]	
Hydrogen	 950–1060	 15–70	 H2/O2/Ar	 5.00	 1.0	 [336]	





Hydrogen/syngas	 900–1100	 20–80	 H2,	H2/CO	 4.00	 0.5,	1.0	 [338]	
Hydrogen/syngas	 914–1068	 8–70	 H2/CO/O2/N2/Ar	 3.76,	13.0	 0.5–2.0	 [339]	
Syngas	 855–1051	 7.2–
26.7	
H2/CO/O2/N2/CO2	 3.76	 0.1–1.0	 [272]	











5,	15	 H2/CO/O2/N2;	H2:CO	=	0.7	 3.76	 0.1	 [337]	
	 	
	 Lee	 and	 Hochgreb	 [335]	 provided	 some	 of	 the	 first	 experimental	 autoignition	 data	 for	 hydrogen	
significantly	above	the	extended	second	explosion	limit.	They	identified	ITHR	in	the	pressure	records	at	
their	lower	temperature	conditions	while	none	was	present	at	higher	temperatures.	A	modification	to	the	




















found	that	syngas	mixture	 reactivity	was	controlled	by	hydrogen	chemistry,	with	 little	or	no	 inhibiting	
effect	 of	 CO	 addition	 to	 H2,	 consistent	 with	 the	 work	 of	 Gersen	 et	 al.	 [338].	 However,	 for	 CO	
concentrations	higher	 than	50%,	 the	 inhibiting	effect	of	CO	addition	was	 found	 to	be	noticeable.	 The	













the	 addition	of	water	 reduced	 the	 reactivity	of	 the	mixture.	 The	mechanism	of	Hong	et	 al.	 [346]	was	














































which	 can,	 for	 example,	 undergo	 self-recombination	 producing	 stable	 ethane	 molecules.	 Hence	 it	 is	




Fuels	 Tc	(K)	 pc	(bar)	 Mixture	Composition	 Diluent:O2	 f	 Reference	
Methane	 980–1060	 16	 CH4/O2/Ar	 3.50	 1.0	 [115]	
Methane	 900–1100	 20–80	 CH4/O2/N2/Ar	 4.00	 0.5,	1.0	 [338]	
Methane	 1050–1100	 10	 CH4/O2/Ar	 3.76	 0.8	 [350]	





CH4/O2/N2/Ar	 3.76	 0.7,	1.0	 [352]	
Methane/hydrogen	 950–1200	 10,	30	 CH4/H2/O2/N2/Ar	
H2:CH4	=	1.5,	4.0	
3.76	 0.5,	1.0	 [353]	







































































































Methane/ethane/NO2	 900–1050	 25–50	 CH4/C2H6/NO2/O2/N2/Ar	
NO2	at	0,	100,	270	ppm	
4.00	 1.0	 [359]	
Ethane/NO2	 930–1010	 20–40	 C2H6/NO2/O2/N2/Ar	 4.00	 1.0	 [359]	
	
	 Brett	et	al.	 [115]	 reported	 ignition	delay	times	 for	CH4/O2/Ar	mixtures	over	a	narrow	temperature	






	 Furutani	 et	 al.	 [350]	 also	 reported	 ignition	 delay	 times	 for	 CH4/O2/Ar	 mixtures	 over	 a	 narrow	

















carbon-less	 and	 low-carbon	 fuels.	 There	 are	 potential	 greenhouse	 gas	 benefits	 as	 well	 as	 substantial	





temperature	 range	 of	 950–1060	 K	 and	 at	 pressures	 between	 15	 and	 70	 bar.	 Eight	 fuel	 blends	 were	
considered,	 ranging	 from	pure	methane	 to	pure	hydrogen.	They	 found	 significant	non-linear	behavior	
where,	 for	hydrogen	addition	to	methane	at	hydrogen	mole	percentages	below	20%	there	was	only	a	













significant	 fraction	 of	 the	 fuel,	 from	 15	 to	 35%,	 especially	 when	 extracted	 from	 gas	 fields	 that	 are	
enhanced	via	unconventional	extraction	techniques	like	hydraulic	fracturing.	Often,	such	gas	supplies	are	
termed	‘wet’	natural	gas,	particularly	if	the	heavier	hydrocarbon	fraction	is	large.	
	 Heyne	 et	 al.	 [354]	 studied	 the	 oxidation	 of	 a	 CH4/C2H6/C3H8	 blend	 containing	 89/9/2	 molar	
percentages.	The	measured	ignition	delay	times	were	compared	to	predictions	using	six	chemical	kinetic	
mechanisms	and	most	of	 the	models	were	 found	 to	over-predict	 the	experimental	 ignition	delays.	 To	
generate	an	improved	model,	components	of	Gas	Research	Institute	reaction	mechanism,	GRI-Mech	3.0	
[361]	were	combined	with	the	RAM	Accelerator	Mechanism	(RAMEC)	[287],	and	two	additional	ethane	
reactions,	 and	 the	 rate	 constants	 for	 25	 of	 the	 most	 sensitive	 reactions	 were	 adjusted	 within	 their	










more	 pronounced	 for	 mixtures	 containing	 higher	 fractions	 of	 propane.	 The	 findings	 highlighted	 the	
increasing	 roles	 of	 the	 formation	 of	 ROOH	 and	 cyclic	 ethers	 on	 the	 oxidation	 processes.	 A	 detailed	
chemical	 kinetic	mechanism	was	used	 to	 simulate	 the	 experimental	 data,	 and	 the	model	was	 able	 to	
qualitatively	 reproduce	 the	 influence	 of	 temperature,	 pressure,	 and	 equivalence	 ratio	 very	 well.	











was	 well	 captured,	 with	 the	 model	 predicting	 NTC	 behavior	 similar	 to	 experimental	 observations.	
Quantitatively	 the	 model	 was	 generally	 in	 excellent	 agreement	 with	 the	 experimental	 results	 but	





the	 ignition	 delays,	 accurately	 capturing	 fuel	 mixture	 reactivity	 as	 a	 function	 of	 fuel	 composition,	
equivalence	ratio,	temperature,	and	pressure.	
	 Ignition	 delay	 times	 for	 the	 oxidation	 of	 quinternary	 (CH4/C2H6/C3H8/n-C4H10/n-C5H12)	 natural	 gas	
mixtures	[278,357,358]	were	measured.	In	an	attempt	to	test	a	wide	range	of	natural	gas	composition,	
two	natural	gas	mixtures	were	studied,	one	containing	81.25%	methane	with	decreasing	concentrations	
(10/5/2.5/1.25%)	 of	 progressively	 larger	 alkanes	 (C2H6/C3H8/n-C4H10/n-C5H12)	 referred	 to	 as	 NG2,	 and	
another	composed	of	approximately	62.5%	methane	and	relatively	higher	concentrations	(20/10/5/2.5%)	
of	larger	hydrocarbon	species,	referred	to	as	NG3.	A	detailed	chemical	kinetic	model	was	used	to	simulate	
the	 data	with	 good	 agreement	 observed	between	 the	model	 and	 the	 experimentally	measured	delay	
times.	 The	 NG3	 mixtures	 produced	 faster	 reaction	 times	 compared	 to	 the	 NG2	 ones,	 as	 the	 former	
contained	higher	concentrations	of	larger	alkanes	which	have	greater	reactivity	along	the	LTC	pathways	
described	in	Fig.	37.	
	 Yu	et	 al.	 [352]	 studied	 the	effect	 of	 several	 EGR	and	 syngas	 components	on	 the	 autoignition	of	 a	
natural	 gas	mixture	 composed	of	 89%	methane,	 9%	ethane	 and	2%	propane.	 Ignition	delay	 times	 for	
methane,	natural	gas,	and	mixtures	of	natural	gas	with	hydrogen,	carbon	monoxide,	carbon	dioxide	and	
water	were	measured.	The	results	showed	that	H2	addition	accelerated	mixture	reactivity,	similar	to	the	
findings	 of	 Gersen	 et	 al.	 [336].	 The	 experimental	 data	 were	 simulated	 using	 four	 chemical	 kinetic	
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mechanisms	from	the	 literature;	 the	 	model	by	Heyne	et	al.	 [354],	the	NUIG	model	[278,357,358],	the	
model	by	Wang	et	al.	[362],	and	the	GRI-Mech	3.0	model	[361]	with	the	RAMEC	sub-mechanism	[287].	It	
was	found	that	natural	gas	ignition	delays	could	be	reproduced	satisfactorily,	but	improvements	in	the	
mechanisms	were	 needed	 in	 order	 to	 achieve	 an	 accurate,	 quantitative	 account	 of	 the	 effect	 of	 the	
inclusion	of	hydrogen.	
	 As	discussed	earlier	 for	methane/hydrogen	mixtures,	Donohoe	et	 al.	 [353]	 also	measured	 ignition	
delay	 times	 for	 natural	 gas/hydrogen	mixtures.	 Two	 synthetic	 natural	 gas-fueled	mixtures	were	 used	
which	 contained	 methane,	 ethane,	 propane,	 n-butane	 and	 n-pentane,	 with	 one	 comprising	
81.25/10/5/2.5/1.25%	 while	 the	 other	 consisted	 of	 62.5/20/10/5/2.5%	 C1/C2/C3/C4/C5	 components	 in	
order	to	encompass	a	wide	range	of	possible	natural	gas	compositions.	The	experimental	data	showed	
that	tign	decreased	with	increasing	temperature,	pressure,	and	an	increase	in	long-chain	hydrocarbons,	












the	 understanding	 of	 the	 chemical	 kinetics	 of	 higher	 hydrocarbons	 and	 hydrogen,	 especially	 at	 high-
pressure	 and	 low-temperature,	 at	 fuel-rich	 conditions	 and	 the	 influence	 of	 EGR	 components,	 and	 in	






reactive	 than	 methane.	 	 Furthermore,	 the	 data	 revealed	 that	 NO2	 addition	 to	 methane	 and	
methane/ethane	blends	significantly	increases	the	fuel	reactivity,	and	this	stimulating	effect	increases	at	








quantities	 of	 propene	 and	 iso-butene	 can	 also	 be	 present.	 In	 addition	 to	 its	 importance	 as	 a	 fuel	
component,	propane	is	the	smallest	alkane	for	which	cool	flame	and	NTC	behavior	can	be	observed	at	















n-Butane	 660–880	 10–15	 n-C4H10/O2/N2/Ar	 3.76	 0.8	 [365]		
n-Butane,	iso-butane	 600–950	 7.4–9.7	 n-	and	iso-C4H10/O2/N2/Ar	 3.76	 1.0	 [76]	
n-Butane	 700–900	 8.9–11.4	 n-C4H10/O2/N2/Ar	 3.76	 08,	1.0,	
1.2	
[221]	























n-Pentane,	neo-pentane	 650–950	 4.5–9.2	 n-,	iso-,	neo-
C5H12/O2/N2/Ar/CO2	
3.76	 1.0	 [79]	
n-Pentane	 675–980	 8–20	 n-C5H12/O2/N2/Ar/CO2	 3.76	 0.5,	1.0,	
2.0	
[369]	
n-Pentane	 720–875	 7.8–9.5	 n-C5H12/O2/N2/Ar	 3.76	 1.0	 [77]	
n-Pentane	 600–900	 6.8–9.2	 n-C5H12/O2/N2/Ar/CO2	 3.76	 1.0	 [81,370]	







n-Pentane	 690–820	 7.9–14.8	 n-C5H12/O2/N2/Ar	 3.76	 0.6,	
0.75,	1.0	
[74]	
n-Pentane	 660–1000	 10	 n-C5H12/O2/N2/Ar	 3.76	 1.0	 [372]	
n-Pentane,	iso-pentane,	
neo-pentane	
643–1100	 10,	20	 n-,	iso-,	neo-C5H12/O2/N2/Ar	 3.76	 0.5,	1.0,	
2.0	
[373]	




710–930	 10–50	 Fuel/O2/N2	 3.76	 1.0	 [72]	
2-Methylpentane	 650–950	 7.5–9.0	 iso-C6H14/O2/N2/Ar/CO2	 3.76	 1.0	 [368]	






ignition	 delay	 times	 recorded	 in	 the	 RCM	 were	 almost	 two	 orders	 of	 magnitude	 longer	 than	 those	
reported	 by	 Cadman	 et	 al.	 [375]	 and	 Herzler	 et	 al.	 [376,377]	 in	 shock	 tubes	 at	 temperatures	 below	
approximately	1000	K.	These	discrepancies	have	been	discussed	by	Davidson	and	Hanson	[47],	Pang	et	al.	
[378],	Petersen	et	al.	[379],	and	Chaos	and	Dryer	[305]	from	the	perspective	of	shock	tube	experiments.	
Those	studies	highlighted	the	fact	 that	non-ideal	effects	 in	shock	tubes,	 including	 incident	shock	wave	
attenuation	due	to	boundary	 layer	growth,	as	well	as	other	physical	 interactions	may	 lead	to	pressure	






















to	 its	 relatively	 high	 vapor	 pressure.	 This	 improves	 a	 gasoline’s	 vaporization	 characteristics	within	 an	
engine’s	 intake	 manifold	 or	 combustion	 chamber	 and	 thereby	 enhances	 combustion	 stability	 while	
reducing	 emissions.	 From	a	 fundamental	 perspective,	 butane	 is	 the	 smallest	 alkane	 that	 has	 isomeric	
structure	branching.	








	 Griffiths	et	al.	 [76]	studied	the	autoignition	characteristics	of	n-butane	and	 iso-butane	as	part	of	a	
study	including	hydrocarbons	between	C4	and	C7.	It	was	found	that	n-butane	was	much	slower	to	react	
compared	to	the	larger	n-alkanes	and	this	corresponded	with	its	higher	octane	rating.	They	postulated	
that,	 because	 low-temperature	 chemistry	 is	 driven	 by	 alkylperoxyl	 (ROȮ)	 radical	 isomerization	 (R3a)	
followed	by	decomposition	reactions	to	oxygenated	products	and	ȮH	radicals	(R5c),	the	reduced	reactivity	





energies	 associated	 with	 the	 transition	 states	 created	 during	 intra-molecular	 H-atom	 isomerization	
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reactions	as	a	result	of	the	tighter	carbon-atom	structure,	and	the	opportunity	of	only	a	primary	H-atom	
internal	 transfer	when	 the	 initial	 radical	 is	 formed	 at	 the	 tertiary	 site.	 This	 work	 provided	 significant	
contributions	 of	 early	 experimental	 insights	 for	 the	 effects	 of	 branched	 structures	 on	 autoignition	
behavior	in	LTC	regimes.	
	 Minetti	et	al.	[221]	measured	t1	and	tign	for	the	oxidation	and	autoignition	of	stoichiometric,	fuel-lean	
(f	 =	 0.8)	 and	 fuel-rich	 (f	 =	 1.2)	 n-butane/air	 mixtures.	 In	 addition,	 concentration	 measurements	 for	
selected	major	and	minor	species	were	recorded	using	a	rapid	sampling	system	and	GC-MS	analysis,	as	
discussed	 in	 Section	 3.	 C4	 heterocycles	 were	 identified,	 which	 were	 believed	 to	 be	 formed	 via	
isomerization	 and	decomposition	of	 butylperoxyl	 radicals	 (ROȮ)	 via	 (R5c).	 These	data	were	 simulated	
using	a	detailed	chemical	kinetic	mechanism	[382]	and	predicted	ignition	delay	times	were	found	to	be	of	
the	same	order	of	magnitude	as	those	measured	experimentally.	Reasonably	good	agreement	was	found	
for	 the	 major	 species	 profiles,	 but	 minor	 species	 including	 1-	 and	 2-butene,	 tetrahydrofuran,	





n-pentane,	 neo-pentane,	 n-heptane,	 and	 iso-octane.	 The	 data	 for	 n-butane	 reported	 in	 the	 work	 of	
Minetti	et	al.	[221]	were	compared	to	data	recorded	for	n-pentane	and	n-heptane	for	stoichiometric	fuel-
air	mixtures.	It	was	shown	that	n-butane	was	considerably	slower	to	react	compared	to	the	larger	alkanes,	






n-butane/synthetic	 air,	 as	 well	 as	 mixtures	 of	 propane/n-butane	 containing	 20/80	 and	 40/60	 molar	
volume	blends	of	the	two	fuels.	Compressed	gas	temperatures	were	attained	by	altering	the	ratio	of	the	







exhibited	two-stage	 ignition	at	 low	temperatures	(680–825	K),	and	also	NTC	behavior.	 Interestingly,	at	
temperatures	below	about	900	K,	 ignition	delay	 times	 for	n-butane	were	 shorter	 than	 for	 iso-butane,	
while	above	this	temperature	both	isomers	showed	almost	identical	ignition	delays.	This	feature	highlights	
the	influence	that	branched	structures	have	on	the	ROȮ	isomerization	and	decomposition	reactions	to	
form	 oxygenated	 products	 and	ȮH	 radicals	 at	 lower	 temperatures.	 In	 addition,	 the	 authors	 observed	
temperature-dependent	trends	in	reactivity	in	terms	of	f.	Below	approximately	720	K,	the	ignition	delays	
were	 relatively	 insensitive	 to	f.	 However,	 above	 that	 temperature,	 there	was	 a	marked	 difference	 in	
reactivity,	resulting	in	a	factor	of	2	difference	in	ignition	delay	at	f	=	0.5	versus	f	=	1.0.	The	amplitude	of	










mixtures	 for	 lean	 to	 rich	 equivalence	 ratios	 covering	 a	 wide	 range	 of	 temperatures	 and	 pressure.	 A	
detailed	chemical	kinetic	model	was	used	to	simulate	the	data	and	this	was	also	able	to	reproduce	a	range	
of	previously	published	ignition	delay	time	data	for	n-butane,	showing	generally	good	agreement.	
	 Healy	 et	 al.[367]	 followed	 this	with	 autoignition	 experiments	 using	 iso-butane/air	mixtures	 across	
similar	temperature	and	pressure	conditions,	conducted	within	an	RCM	and	a	shock	tube.	The	detailed	
kinetic	model	for	n-butane	developed	previously	[285]	was	updated	with	new	reactions	for	 iso-butane	


















of	n-pentane	 and	n-hexane	paralleled	one	 another	 throughout	 the	 entire	 temperature	 range,	with	n-
pentane	being	consistently	a	factor	of	two	or	so	slower	compared	to	n-hexane.	
	 In	another	study,	Griffiths	et	al.	[368]	measured	ignition	delay	times	for	a	range	of	alkanes	(C4–C8)	and	












characterize	 and	 predict	 fuel	 performance	 within	 advanced	 LTC	 regimes	 which	 are	 governed,	 or	
significantly	 influenced	 by	 autoignition	 chemistry.	 Furthermore,	 the	 findings	 highlight	 challenges	 of	
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investigated.	Both	two-stage	and	single-stage	 ignition	were	 identified	 in	the	pressure	and	natural	 light	
output	traces.	 It	was	demonstrated	that	for	stoichiometric	n-pentane/air	mixtures,	tign	decreased	with	
increasing	compressed	charge	density	i.e.,	pressure.	Moreover,	at	a	mean	compressed	charge	density	of	











predicted	 to	 be	 controlled	 by	 the	 dissociation	 of	 H2O2,	 leading	 to	 the	 formation	 of	 two	 reactive	 ȮH	
radicals.	One	important	point	of	their	work	was	that,	in	some	cases,	LTHR	was	predicted	to	occur	during	
the	 compression	 stroke.	 This	 feature,	 as	 discussed	 in	 Section	 4,	 can	 complicate	 the	 interpretation	 of	
experimental	datasets	since	the	‘compression’	limit	is	reached	and	it	is	difficult	to	ascertain	a	baseline	for	






15%	of	 the	 fuel,	 based	on	physical	 gas	 sampling	 and	 subsequent	GC	 analysis.	However,	 at	 the	higher	
temperature	range,	the	fuel	ignited	in	one	stage	with	a	smoothly	increasing	extent	of	fuel	consumption.	
In	both	cases,	there	was	no	measurable	fuel	decomposition	during	the	compression	stroke.	
	 Ribaucour	 et	 al.	 [370]	 and	Minetti	 and	 Ribaucour	 [81]	 compared	 the	 autoignition	 behavior	 of	 n-
pentane	 and	 1-pentene.	 They	 found	 both	 fuels	 showed	 two-stage	 ignition	 and	NTC	 behavior,	with	 1-
pentene	being	 less	reactive.	 Its	minimum	ignition	temperature	 limit	was	higher	than	n-pentene,	700	K	
compared	to	650	K,	at	a	compressed	pressure	of	7.4	bar,	while	early	exothermicity	and	NTC	behavior	were	
stronger	 for	n-pentane	 and	were	 observed	 over	 a	wider	 temperature	 range.	 These	 features	 illustrate	





pentene,	 and	 1-butene,	 and	 low	 concentrations	 of	 the	 di-olefins	 1,3-butadiene,	 and	 1,3-pentadiene.	
Conversely,	1-pentene	produced	relatively	high	concentrations	of	1,3-butadiene	and	1,3-pentadiene.	C5	









bond	were	 included,	 and	 (2)	 if	 a	 higher	 rate	 constant	 for	 the	 decomposition	 of	 the	 hydroperoxyalkyl	
(QOOH)	 radicals	 into	 cyclic	 ethers	 (R5c)	was	used	when	 this	 radical	was	 formed	by	direct	HȮ2	 radical	








	 Ribaucour	et	al.	 [371]	measured	 ignition	delay	 times	 for	 the	 three	 isomers	of	pentane	 in	order	 to	
better	understand	the	influences	of	variations	in	fuel	molecular	structure	on	autoignition	behavior.	It	was	
found	that	under	similar	conditions,	the	fuels	showed	reactivity	in	the	order	n-pentane	>	neo-pentane	>	






the	 first-stage	 ignition	 is	effectively	quenched	when	the	decomposition	of	ROȮ	and	ȮOQOOH	radicals	
becomes	faster	than	the	reverse	addition	steps.	The	second-stage	ignition	was	found	to	be	controlled	by	
the	dissociation	of	H2O2.	
	 Recently,	Bugler	et	al.	 [372]	used	RCM	data	 to	 re-investigate	 the	kinetics	of	 low-temperature	 fuel	
oxidation	 by	 studying	 the	 three	 isomers	 of	 pentane.	 By	 updating	 the	 thermochemical	 parameters	
associated	 with	 the	 intermediate	 species,	 e.g.	 ROȮ	 and	 QOOH	 radicals,	 and	 using	 rate	 constants	
calculated	from	the	literature,	including	Villano	et	al.	[387,388],	Miyoshi	[389,390],	Goldsmith	et	al.	[380],	
and	Sharma	et	al.	 [391],	 it	was	possible	 to	 capture	 the	 reactivity	of	 all	 three	 isomers	using	a	detailed	




tubes.	 	 The	 data	 were	 recorded	 over	 a	 wide	 range	 of	 stoichiometry	 and	 compressed	 conditions.	
Comparisons	 of	 the	 reactivity	 of	 the	 three	 isomers	 at	 the	 higher	 pressures	 indicated	 that	 at	 low	







whereas	 these	 are	 possible	 for	 iso-pentyl-peroxyl	 radicals	 (and	 also	 for	 n-pentyl-peroxyl	 radicals).	 At	
temperatures	 in	 the	 range	 900–1100	 K,	 fuel	 alkyl	 radicals	 still	 add	 to	molecular	 oxygen	 forming	 ROȮ	
radicals	 (R2a)	 and	 the	 concerted	 elimination	 reactions	 possible	 for	 n-	 and	 iso-pentane	 lead	 to	 the	





a	 methyl	 radical.	 iso-Butene,	 or	 methylpropene	 is	 a	 particularly	 unreactive	 intermediate,	 as	 H-atom	
abstraction	 from	 it	 leads	 to	 the	 generation	 of	 relatively	 unreactive,	 resonantly	 stabilized	methyl	 allyl	
radicals.	 The	 unmodified	 chemical	 kinetic	 model	 developed	 by	 Bugler	 et	 al.	 [373]	 was	 also	 used	 to	





















	 Griffiths	 et	 al.	 [368]	 included	 2-methylpentane	 in	 their	 measurements	 of	 C4–C8	 alkanes	 where	
stoichiometric	 fuel/air	 mixtures	 were	 used.	 Ignition	 delay	 times	 were	 reported	 as	 a	 function	 of	
temperature	 comparing	 the	 reactivity	 of	 2-methylpentane	 (RON	 =	 73)	 to	 a	 PRF70	 mixture.	 2-
Methylpentane	was	 found	to	 ignite	more	readily	 than	the	PRF70	mixture	 in	 the	temperature	range	of	
730–950	 K.	 At	 lower	 temperatures,	 however,	 2-methylpentane	was	 slower	 to	 react	 and	 had	 a	 higher	
minimum	 ignition	 temperature	of	700	K	compared	 to	675	K	 for	 the	PRF70	mixture.	This	 study	 further	








based	 on	 the	 reaction	 rate	 rules	 developed	 in	 the	 studies	 of	 Bugler	 et	 al.	 [372,373]	 for	 the	 pentane	
isomers.	It	was	found	that	the	new	model	was	able	to	simulate	the	hexane	results	measured	in	the	study,	













Fuels	 Tc	(K)	 pc	(bar)	 Mixture	Composition	 Diluent:O2	 f	 Reference	




8.2–9.2	 n-C7H16/O2/N2/Ar/CO2	 3.76	 1.0	 [77]	
n-Heptane	 650–950	 9–11	 n-C7H16/O2/N2/Ar/CO2	 3.76	 1.0	 [273]	
n-Heptane	 640–900	 2.7–4.5	 n-C7H16/O2/N2/Ar/CO2	 3.76	 1.0	 [80,222]	













Fuel/O2/N2/Ar/CO2	 3.76	 1.0	 [396]	
n-Heptane	 710–814	 8–10.4	 n-C7H16/O2/N2		 3.76	 1.0	 [397]	
n-Heptane	 660–710	 9	 n-C7H16/O2/N2/CO2	 5.64	 1.0	 [228]	
n-Heptane	 650–900	 9	 n-C7H16/O2/N2/Ar		 5.63	 1.0	 [133]	
iso-Octane	 900–950	 9	 iso-C8H18/O2/N2/Ar/CO2	 3.76	 1.0	 [76]	
iso-Octane	 640–920	 10.7–16	 iso-C8H18/O2/N2/Ar/CO2	 3.76	 1.0	 [222]	





iso-C8H18/O2/N2/Ar/CO2	 3.76	 1.0	 [398]	




















iso-Octane	 600–800	 20	 iso-C8H18/O2/N2/Ar/CO2	 3.76	 1.0	 [133]	





iso-C8H18/O2/Ar	 3.76	 1.0	 [85]	
iso-Octane	 675–792	 20	 iso-C8H18/O2/N2/Ar	 3.76,	6.0	 1.0	 [401]	




	 Griffiths	et	al.	 [76]	 studied	 the	 ignition	of	 several	n-alkanes.	Under	 the	 conditions	 investigated,	n-
heptane	showed	the	highest	level	of	reactivity	and	appeared	to	show	the	least	amount	of	NTC	behavior	
in	 the	 temperature	 range	 of	 700–850	 K,	 indicating	 that	 at	 these	 conditions	 the	 ROȮ	 and	 QOOH	

















recorded,	 showing	 significant	 formation	during	 the	 first-stage	of	 ignition	 and	 consumption	during	 the	
main	 ignition	event	 for	most	of	 the	 LTC	 intermediates.	 These	 studies	discussed	 the	primary	oxidation	








isomers	 exhibited	 NTC	 behavior,	 while	 it	 was	 found	 that	 increased	 chain	 substitution	 resulted	 in	
pronounced	NTC	 along	with	 decreased	 reactivity,	 highlighting	 the	 increasing	 importance	 of	 (R3c)	 and	
(R5b),	where	these	compete	more	effectively	with	the	 isomerization	steps	due	to	higher	strain	on	the	
bond	angles	during	hydrogen	transfer.	The	order	of	reactivity	for	the	isomers	was	also	shown	to	generally	








measurements,	 and	 this	 again	 demonstrated	 the	 benefit	 of	 including	 intermediate	 species	 profiles	 as	
additional	validation	targets	for	kinetic	model	development	and	refinement.	







where	 its	octane	rating	of	100	 is	used	to	establish	the	higher	extremum	of	the	octane	scale.	 Its	highly	
branched	configuration	yields	unique	LTC	behavior,	while	its	structure	is	also	relevant	as	a	fragment	in	the	
decomposition	 of	 larger,	 highly	 branched	 hydrocarbons	 like	 the	 diesel	 reference	 fuel	 2,2,4,4,6,8,8-
heptamethyl	 nonane	 (iso-cetane).	 Substantial	 experimental	 and	modeling	 work	 has	 been	 undertaken	
using	 iso-octane	 as	 a	 single-	 or	 two-component	 surrogate	 for	 gasoline,	 i.e.,	 PRF	 blends,	 in	 IC	 engines	





ignition	engines	under	 knocking	 conditions,	 Tc	 =	900	K,	 to	 compare	 ignition	delay	 times	of	 the	 single-
component	fuels	which	had	the	same	RON	to	comparable	PRF	mixtures.	Ignition	delay	times	of	some	of	
the	low	octane	fuels	and	their	corresponding	PRF	mixtures	were	shown	to	be	in	quantitative	agreement.	




similarly	 reactive.	 These	 differences	 were	 linked	 to	 the	 relative	 reactivities	 of	 the	 fuels	 and	 to	








that	 using	 a	 lower	 temperature	 and	 higher	 pressure,	 e.g.,	 Tc	 =	 820	 or	 825	 K	 and	 pc	 =	 20	 or	 25	 bar,	
respectively,	would	enable	better	comparison	between	RON	ratings	and	RCM-measured	tign.	
	 Park	 and	 Keck	 [102]	measured	 ignition	 delays	 for	 stoichiometric	 PRF/O₂/N₂/Ar	mixtures	with	 five	
blends	including	PRF100,	90,	75,	50,	and	0.	It	was	found,	consistent	with	the	work	of	Griffiths	et	al.	[368],	
that	 the	 ignition	 delays	were	 not	 a	 linear	 function	 of	 octane	 rating.	 In	 addition,	 for	 the	 experimental	
conditions	 utilized,	 t1	 decreased	 significantly	 as	 the	 temperature	 increased,	 whereas	 tign	 stayed	
unchanged.	The	authors	also	highlighted	the	importance	of	characterizing	the	heat	loss	behavior	of	their	
configuration,	as	well	as	the	procedures	used	for	mixture	preparation	when	conducting	RCM	tests.	
	 Minetti	et	al.	 [222]	measured	 ignition	delay	 times	and	 intermediate	species	concentrations	during	
autoignition	 of	 stoichiometric	 iso-octane/air.	 In	 general,	 the	 authors	 found	 that	 at	 the	 conditions	
investigated	iso-octane	was	much	less	reactive	than	n-heptane,	which	had	a	more	significant	two-stage	
ignition	 zone	 and	 required	 much	 lower	 pressures	 to	 realize	 similar	 tign.	 Intermediate	 species	
concentrations	recorded	using	rapid	gas	sampling	aided	in	understanding	the	low-temperature	reaction	



















decreasing	 with	 increasing	 water	 content,	 while	 CO2	 was	 found	 to	 have	 no	 effect	 for	 the	 conditions	
studied.	The	performance	of	various	kinetic	mechanisms	in	predicting	the	ignition	delay	times	was	also	
investigated.	He	et	al.	[243]	further	measured	ȮH	concentrations	using	narrow	line	absorption	techniques,	
as	discussed	 in	 Section	3,	 and	used	 these	 results	 to	evaluate	 the	 significance	of	 the	 rate	 constants	of	
important	reactions,	including	H2O2(+M)=ȮH+ȮH(+M),	ĊH3+HȮ2=CH3Ȯ+ȮH,	and	ĊH3+HȮ2=CH4+O2.	






















	 Zhang	 et	 al.	 [401]	 investigated	 two-stage	 ignition	 in	 the	 NTC	 region	 for	 stoichiometric	 iso-
octane/O₂/N₂/Ar	mixtures.	It	was	found	that	t1	was	sensitive	to	O2	concentration,	but	was	insensitive	to	
the	 dilution	 gas	 and	 fuel	 concentrations.	 A	 detailed	model	was	 used	 to	 explain	 the	 cause	 of	 the	NTC	
behavior,	and	this	was	predicted	to	be	due	to	the	competition	between	(R5a),	(R3c),	(R5c)	and	(R2b),	i.e.,	
the	 backward	 reaction	 of	 the	 second	 QOOH	 radical	 addition	 to	 O2,	 ROȮ=alkene+HȮ2,	 QOOH=cyclic-
ether+ȮH,	and	the	β-scission	reactions	of	the	alkyl	radicals,	respectively.	
6.2.11.	Decane	









years	 with	 the	 assistance	 of	 successive	 RCM	 experiments.	 In	 order	 to	 expand	 this	 towards	 a	
comprehensive	understanding	of	LTC	autoignition,	as	well	as	the	formulation	of	fuel	surrogates	and	the	
development	 of	 chemical	 kinetic	 models	 for	 transportation	 liquid	 fuels,	 validation	 datasets	 of	 larger	





based	 biomass.	 The	 generally	 5-	 and	 6-membered	 ring	 structures	 of	 these	 components	 yield	 unique	










Fuels	 Tc	(K)	 pc	(bar)	 Mixture	Composition	 Diluent:O2	 f	 Reference	








cyc-C7H14/O2/N2/Ar	 3.76	 1.0	 [407]	










Methylcyclohexane	 702–802	 15	 cyc-C7H14/O2/N2/Ar	 8.0	 0.5	 [401]	





C2H4/O2/N2/Ar	 11.28	 1.0	 [410]	
Propene	 750–1100	 10,	40	 C3H6/O2/N2/Ar	 3–19	 0.5,	1.0,	
2.0	
[411]	
iso-Butene	 666–996	 10–50	 iC4H8/O2/N2/Ar	 3.76	 0.3,	0.5,	
1.0,	2.0	
[412]	
1-Pentene	 600–900	 6.8–9.2	 C5H10/O2/N2/Ar/CO2	 3.76	 1.0	 [81,370]	
1-,	2-,	3-Hexene	 630–850	 10	 C6H12/O2/N2/Ar/CO2	 3.76	 1.0	 [84]	





600–900	 7–14	 Fuel/O2/N2/Ar/CO2	 3.76	 1.0	 [83]	
1-,	2-,	3-Heptene	 827	 41.6	 Fuel/O2/N2	 3.76	 0.2–0.5	 [395]	
Diisobutylene-1	 760–950	 35,	45	 DIB-1/O2/N2/Ar	 3.76–6.37	 0.75	 [399]	
Benzene	 ~800	 20	 C6H6/O2/N2	 3.76	 0.5,	1.0	 [413]	






Toluene	 920–1100	 25,	45	 C7H8/O2/N2/Ar		 4.72–14.9	 0.5,	0.75,	
1.0	
[414]	




































600–900	 14–19	 Fuel/O2/N2/Ar/CO2	 2.70	 1.0	 [225]	
























leading	 to	 the	 formation	 of	 benzene.	 The	 oxidation	 characteristics	 of	 cyclohexene	 and	 cyclohexa-1,3-
diene	were	also	 investigated	 in	this	study.	Cyclohexane	was	found	to	exhibit	 two-stage	 ignition	at	 low	
temperatures	 and	 single-stage	 ignition	 at	 intermediate	 temperatures.	 NTC	 behavior	 was	 evident	 at	
conditions	 investigated	 in	 this	 study.	 Pathways	 leading	 to	 the	 formation	 of	 conjugated	 alkenes	 were	
observed	to	promote	the	formation	of	benzene.	
	 Vranckx	 et	 al.	 [406]	 reported	 ignition	 delay	 times	 of	 cyclohexane/air	mixtures	 and	 compared	 the	
measured	values	with	those	from	Lemaire	et	al.	[83].	tign	from	[406]	are	consistently	longer	than	those	in	
[83],	where	these	significant	differences	were	suggested	to	arise	partly	from	the	longer	compression	time	
in	 [83]	 and	 higher	 heat	 losses	 in	 [406].	 Additionally,	 simulations	 were	 conducted	 to	 assess	 the	








was	 found	 to	 exhibit	 two-stage	 ignition	 behavior	 at	 low	 temperatures,	 and	 NTC	 behavior	 was	 also	
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observed.	A	detailed	chemical	kinetic	model	for	MCH	was	developed	and	the	simulated	ignition	process	



















of	 49	 intermediate	 species	 were	 also	 recorded	 using	 a	 rapid	 gas	 sampling	 technique	 and	 mass	









	 Overall,	 the	state	of	 the	art	of	understanding	and	simulations	 for	cycloalkanes	significantly	 lag	the	














	 Ethylene	 is	 typically	not	a	component	of	 liquid	fuels,	but	as	noted,	 it	 is	an	 important	 intermediate	
species	formed	due	to	β-scission	reactions	of	larger	hydrocarbons.	Additionally,	it	is	a	key	intermediate	in	
soot	formation	where	its	decomposition	can	lead	to	acetylene	which	participates	in	the	HACA	(H-atom	
abstraction–C2H2-addition)	 mechanism.	 Kumar	 et	 al.	 [410]	 measured	 tign	 of	 diluted	 stoichiometric	














modeling	 it	was	 found	 that	 the	 reactivity	of	 the	alkene	 species	 at	 very	 low	 temperatures	 (<	800	K)	 is	
dominated	by	HȮ2	addition	reactions	to	the	double	bond	of	the	alkene	followed	by	addition	of	O2	to	the	
resulting	 radical.	 At	 intermediate	 temperatures	 (800–1300	 K),	 the	 reactivity	 is	 controlled	 by	 the	
competition	between	H-atom	abstraction	from	the	alkene	by	O2	and	ȮH	radicals	with	subsequent	reaction	
between	resonantly	stabilized	methyl-allyl	radicals,	and	HȮ2	resulting	in	chain	branching	reactions.		This	






	 Vanhove	et	al.	 [84]	 investigated	the	autoignition	chemistry	of	stoichiometric	mixtures	of	the	three	
hexene	isomers	and	discussed	the	effect	of	the	double	bond	position.	Gas	samples	were	also	extracted	
from	the	reactive	mixtures	and	gas	chromatography	conducted	to	analyze	the	composition	of	the	sampled	
gas.	 Selectivities	 of	 the	main	 intermediates	 were	 reported,	 including	 C6	 saturated	 O-heterocycles,	 C6	
saturated	aldehydes	and	ketones,	C6	unsaturated	O-heterocycles,	C6	unsaturated	aldehydes	and	ketones,	
hexadienes,	C2–C5	saturated	aldehydes,	and	C3–C5	unsaturated	aldehydes.	Of	the	three	isomers	of	hexene,	
1-hexene	was	 found	 to	be	more	 reactive	while	3-hexene	was	 found	 to	be	 the	 least	 reactive.	The	NTC	





ignition.	 In	another	study,	Vanhove	et	al.	 [398]	measured	the	 ignition	delay	 times	of	stoichiometric	1-
hexene/toluene,	 1-hexene/iso-octane,	 and	 1-hexene/iso-octane/toluene	 blends.	 Gas	 samples	 were	
extracted	from	the	reactive	mixtures	to	understand	the	kinetic	interactions	between	the	hydrocarbons.	
	 Lemaire	 et	 al.	 [83]	 measured	 the	 ignition	 delay	 times	 of	 stoichiometric	 fuel/air	 mixtures	 of	
cyclohexene	and	cyclohexa-1,3diene.	In	their	study,	there	was	neither	two-stage	ignition	or	NTC	behavior	
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observed	 for	 cyclohexa-1,3-diene.	While	 cyclohexene	behaved	 in	an	 intermediate	way	without	a	 first-
stage	 ignition,	 there	existed	 a	narrow,	not	 very	marked	NTC	 region.	Modeling	work	 indicated	 that	 by	
including	 addition	of	O2	 to	 cyclohexenyl	 radicals	 (R2a)	 and	 the	 various	 isomerizations	 of	 the	 resulting	
peroxyl	radicals,	most	of	the	C6	products	from	cyclohexene	could	be	predicted	by	the	classical	scheme	for	
low-temperature	 oxidation.	 However,	 as	 in	 [84],	 in	 order	 to	 predict	 the	 formation	 of	 1,2-
epoxycyclohexane,	addition	of	ȮH	and	HȮ2	radicals	to	the	double	bond	had	to	be	included	in	the	model.	
For	cyclohexa-1,3-diene,	the	classical	scheme	was	found	to	be	invalid,	as	the	C6	oxygenated	products	are	
only	 formed	 by	 addition	 of	 ȮH	 and	 HȮ2	 radicals	 to	 the	 double	 bond.	 Furthermore,	 the	 pathways	 to	
































with	 2-	 and	 4-carbon	 acetylenes	 being	 the	 only	 hydrocarbon	 intermediates	 found.	 Additional	 species	
detected	included	CO2,	H2O,	methanol,	and	HCHO	which	were	hypothesized	to	be	oxidation	products	of	
acetylenes.	The	lack	of	phenol	derivatives	indicated	that	the	breaking	of	the	benzyl	ring	occurs	very	shortly	




















to	0.00962,	 the	shock	 tube	pressure	 records	 indicated	substantially	 larger	 ITHR	compared	to	 the	RCM	
data.	Mittal	and	Sung	 [414]	argued	that	 this	could	be	due	to	surface	contamination	 in	 the	shock	 tube	
experiments	 leading	 to	 non-uniform,	 or	 mild	 ignition	 events,	 and	 presented	 evidence	 for	 this	 by	
conducting	 tests	 where	 the	 RCM	 reaction	 chamber	 was	 intentionally	 vitiated.	 Based	 on	 this,	 the	
apparently	high	ITHR	in	the	shock	tube	could	have	been	due	to	deflagrative	processes,	or	pre-ignition	heat	
release.	 Simulations	 of	 the	 experiments	 demonstrated	 that	 none	 of	 the	 chemical	 kinetic	mechanisms	
existing	at	 the	 time	succeeded	 in	predicting	tign	with	good	agreement.	As	with	benzene,	 the	apparent	
activation	 energies	 were	 too	 low,	 while	 the	 ITHR	 appeared	 to	 be	 significantly	 over-predicted	 by	 the	
models.	 Moreover,	 the	 various	 models	 indicated	 different	 fuel	 consumption	 patterns,	 extents	 of	
intermediates	formed,	and	importance	of	different	reactions.	
	 Di	 Sante	 [397]	measured	 ignition	delay	 times	of	 stoichiometric	 n-heptane/toluene	mixtures	 in	air.	









expected,	 observed	 to	 increase	 nonlinearly	 with	 addition	 of	 toluene	 for	 the	 binary	 blends	 at	 low	
temperatures.	In	addition,	the	apparent	activation	energy	in	the	NTC	region	was	found	to	decrease	with	
addition	of	toluene	to	iso-octane,	hexane,	and	n-heptane.	Speciation	measurements	during	the	chemical	
induction	 times	 indicated	 that	 toluene	 is	 converted	 to	 benzaldehyde	 and	 benzene,	 with	 trace	
concentrations	of	cross	reaction	products	such	as	ethylbenzene	and	heptenylbenzene	observed.	 	Such	
cross	 reaction	 products	 have	 typically	 not	 detected	 in	 work	 using	 flow	 reactors	 operated	 in	 diluted	
regimes,	where	this	highlights	the	practical	interest	of	conducting	speciation	studies	at	engine-relevant	
conditions	where	these	interactions	may,	or	may	not	evolve.	
	 The	 high-pressure	 autoignition	 characteristics	 of	 binary	 fuel	 blends	 of	 toluene/iso-octane	 and	
toluene/DIB-1	 were	 studied	 by	 Mittal	 and	 Sung	 [399].	 The	 relative	 proportion	 of	 the	 two	 fuels	 was	
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systematically	varied	in	the	binary	blends,	while	the	total	fuel	mole	fraction	and	f	were	kept	constant.	
Experimental	 results	 showed	 that	 the	 variation	 of	 tign	 with	 the	 relative	 fuel	 proportion	 was	 highly	










of	 the	 substituents	 also	 increases	 the	 reactivity,	 since	 there	 is	 a	 greater	 capability	 for	 intramolecular	
transformations	leading	to	isomerization,	e.g.,	(R3a).	
	 Roubaud	 et	 al.	 [225]	 recorded	 ignition	 delay	 times	 and	 intermediate	 species	 profiles	 during	
autoignition	 of	 n-butylbenzene,	 o-xylene,	 and	 o-ethyltoluene.	 The	 intermediate	 species	 identified	
indicated	low-temperature	pathways	for	alkyl	substituted	benzenes	proceeding	through	the	formation	of	
peroxy	radicals	(R2).	Alkyl	substituted	benzenes,	 in	which	 isomerization	of	peroxy	radicals	 is	facilitated	
(R3a),	exhibit	relatively	higher	reactivity.	In	poly-alkyl	substituted	benzenes,	substitution	at	the	ortho	site	
facilitates	 isomerisations	 leading	 to	 chain	 branching	 at	 low	 temperatures.	 This	 explains	 the	 trends	
observed	 in	 their	 earlier	 study	 [416],	 in	which	o-xylene	and	1,2,3	 trimethylbenzene	were	 found	 to	be	





and	 complemented	 shock	 tube	 ignition	 delay	 data	which	 had	previously	 been	 recorded	under	 similar	
conditions	of	pressure	and	f	[426].	Where	overlapping	data	existed,	very	good	agreement	was	observed	
between	tign	measured	in	the	shock	tube	and	the	RCM	facilities.	The	experimental	data	were	simulated	
using	 an	 updated	 detailed	 chemical	 kinetic	 model,	 which	 included	 reactions	 in	 the	 low-temperature	




	 Husson	 et	 al.	 [418]	 studied	 the	 oxidation	 of	n-butylbenzene	 in	 various	 experimental	 facilities	 and	
developed	a	detailed	chemical	kinetic	model.	Measurements	included	ignition	delay	times	from	an	RCM	
and	a	shock	tube,	as	well	as	intermediate	species	from	RCM	and	JSR	studies.	Ignition	delay	times	measured	
in	 the	 RCM	 complemented	 well	 the	 data	 from	 the	 shock	 tube.	 Simulated	 results	 using	 the	 detailed	
















	 Kukkadapu	 et	 al.	 [420]	 studied	 the	 autoignition	 of	 tetralin	 (1,2,3,4-tetrahydronaphthalene).	 The	
authors	noted	some	ITHR	behavior	at	the	lowest	temperature	experiments	they	conducted,	although	no	
two-stage	ignition	or	NTC	behavior	was	found.	The	measured	ignition	delays	were	compared	to	an	existing	
kinetic	 model	 and	 relatively	 poor	 agreement	 was	 found.	 This	 was	 attributed	 to	 the	 lack	 of	 low-
temperature	chemistry	in	the	model,	such	as	those	steps	illustrated	in	Fig.	37.	
	 There	 are	 still	 to	 this	 day	 large	 uncertainties	 linked	 to	 the	 kinetic	 rate	 constants	 associated	with	
aromatics	autoignition.	These	structures	lead	to	resonance-stabilized	radicals,	undergo	radical	addition	
channels	 and	 can	 significantly	 affect	 the	 overall	 reactivity	 of	 a	multicomponent	 fuel	 because	 of	 their	
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dominated	 by	 the	 same	mechanisms	 involved	 in	 hydrocarbon	 autoignition.	 A	 summary	 of	 studies	 on	
oxygenated	fuels	is	provided	in	Table	7.	
Table	7.	Studies	of	oxygenated	fuels	using	RCMs.	
Fuels	 Tc	(K)	 pc	(bar)	 Mixture	Composition	 Diluent:O2	 f	 Reference	
Methanol	 830–940	 24	 CH3OH/O2/N2/Ar	 5.00	 1.0	 [428]	






Ethanol	 830–1000	 32	 C2H5OH/O2/N2/Ar	 5.00	 1.0	 [428]	















n-C4H9OH/O2/N2/Ar	 5.64	 1.0	 [217]	












iso-Butanol	 840–950	K	 25	 Fuel/O2/N2/Ar	 7.26	 0.4	 [233]	



















Fuel/O2/N2/Ar	 3.76	 0.3–0.4	 [231]	
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650–850	 4–20	 Fuel/O2/N2/Ar	 3.76	 1.0	 [226]	
Methyl	tertiary-butyl	
ether	













Dimethyl	ether/propane	 603–902	 30	 Fuel/O2/N2	 3.76	 1.0	 [364]	
Dimethyl	ether/toluene	 624–1459	 20–40	 Fuel/O2/N2/Ar	 3.76	 0.5,	1.0,	
2.0	
[440]	






Tetrahydrofuran	(THF)	 640–900	 5–10	 THF/O2/N2/Ar	 3.76	 1.0	 [442]	





	 Alcohols	 can	 be	 produced	 directly	 from	 biomass	 via	 fermentation	 or	 gasification	 processes.	 Bio-










models,	 the	authors	 found	tign	were	under-predicted	by	an	order	of	magnitude.	 To	ascertain	possible	






	 Most	 recently,	 a	 detailed	 chemical	 kinetic	 mechanism	 was	 used	 to	 simulate	 tign	 measured	 for	
methanol	oxidation	over	a	wide	range	of	pressures	and	f	using	both	an	RCM	and	a	shock	tube	[430].		At	
some	conditions	there	was	overlap	in	the	experimental	conditions	where	it	was	found	that	the	tign	data	in	







three	lower	than	the	measured	values.			Lee	et	 al.	 [431]	 followed	 this	with	more	expansive	 tests,	 again	

































1-butene,	 and	 n-butyraldehyde	 [217];	 and	 n-heptane,	 methanol,	 acetaldehyde,	 propionaldehyde,	
methane,	ethane,	ethene,	propane,	propene,	1-butene,	1-pentene,	1-hexene,	1,3-butadiene,	3-heptene,	



















qualitative	 and	 quantitative	 trends	 for	 the	 autoignition	 of	 the	 binary	 fuel	 blends,	 although	 some	






fraction	 time	 histories	 of	 methane,	 ethene,	 propene,	 iso-butene,	 isobutyraldehyde,	 iso-butanol,	 and	
carbon	monoxide	were	compared	with	predictions	from	the	detailed	mechanisms	developed	by	Sarathy	
et	al.	[445],	Merchant	et	al.	[447],	and	Cai	et	al.	[448].	It	was	shown	that	while	the	Sarathy	et	al.	mechanism	






the	 model	 was	 unable	 to	 capture	 f	 dependence	 [436].	 On	 the	 other	 hand,	 the	 model	 was	 able	 to	














fast	H-atom	abstraction	 in	 turn	 form	aldehydes	 instead	of	QOOH	 radicals	 through	 (R3c),	 reducing	 the	
reactivity	 in	 comparison	 to	alkanes.	 Furthermore,	 the	effect	of	 the	alcohol	 group	 is	diminished	as	 the	






small	 alcohol	 such	 as	 methanol	 or	 ethanol,	 so	 long	 chain	 (C12	 and	 larger)	 methyl,	 or	 ethyl	 esters	















and	was	 found	 to	 predict	 tign	 of	methyl	 butanoate	with	 excellent	 agreement	while	 ethyl	 propanoate	
predictions	were	not	as	good.	Walton	et	al.	[230]	in	a	later	study	conducted	rapid	sampling	experiments	
to	 perform	 speciation	 measurements	 during	 autoignition	 of	 methyl	 butanoate.	 Evolution	 profiles	 of	
methane,	ethane,	ethene,	propene,	and	1-butene	were	recorded.	The	kinetic	model	developed	in	these	
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increases	 with	 increases	 in	 chain	 length	 for	 the	 conditions	 investigated.	 Methyl	 pentanoate,	 methyl	
hexanoate,	and	methyl	heptanoate	exhibited	two-stage	ignition	behavior.	Further	tests	were	conducted	
to	understand	the	characteristics	of	methyl	esters	which	included	comparison	of	ignition	delays	with	those	
of	 n-alkanes	 and	 intermediate	 species	 measurements.	 Methyl	 hexanoate	 was	 chosen	 as	 the	
representative	 for	methyl	 esters.	 Comparison	 of	 ignition	 delay	 times	 showed	 the	 following	 reactivity	
order:	n-heptane	>	methyl	hexanoate	>	n-pentane	>	n-butane.	t1	and	tign	of	methyl	hexanoate	were	found	
to	be	shorter	than	those	of	n-pentane,	indicating	the	methyl	ester	functional	group	has	a	promoting	effect	
on	 low-temperature	 chemistry.	 Information	 on	 the	 intermediate	 species	 formed	 during	 the	 induction	
period	aided	in	understanding	the	controlling	reaction	pathways.	Proposed	routes	were	constructed	to	
yield	 observed	 methyl	 epoxyhexanoates,	 methyl	 hexenoates,	 and	 small	 unsaturated	 methyl	 esters	 +	
aldehydes	that	form	via	O–O,	C–O,	and	C–C	scission,	respectively,	of	the	QOOH	species,	(R5b)	and	(R5c).	



















using	 novel	 computational	 singular	 perturbation	 techniques	 indicated	 that	 chemical	 species	 formed	





covering	a	 range	of	 conditions	 relevant	 to	gas	 turbine	environments,.	By	 incorporating	high-level	 rate	
constant	measurements	and	calculations	available	 for	 the	 reactions	of	DME,	and	applying	a	pressure-
dependent	 treatment	 to	 the	 low-temperature	 reactions	 of	 DME,	 the	 detailed	 chemical	 kinetic	model	
developed	in	this	study	was	capable	of	accurately	predicting	this	wide	range	of	ignition	delay	data,	as	well	
as	 available	 literature	 data	 including	 flow	 reactor,	 JSR,	 shock	 tube	 ignition	 delay	 times,	 shock	 tube	
speciation,	laminar	flame	speed,	and	flame	speciation	results.	
	 As	mentioned	earlier	in	the	discussion	of	propane	oxidation,	recently	Dames	et	al.	[364]	studied	binary	




in	 igniting.	Much	of	 the	 kinetics	 of	 the	propane/DME	mixtures	was	 predicted	 to	be	 controlled	by	 the	
underlying	 DME	 chemistry.	 It	 was	 found	 that	 including	 the	 pressure-dependent	 unimolecular	













by	DME	oxidation	processes,	 but	 at	 the	 24/76	blend	 ratio,	 the	 global	 ignition	processes	 shifted	 to	be	
controlled	 more	 by	 toluene	 than	 DME.	 	 Furthermore,	 simulations	 with	 an	 updated	 kinetic	 model,	
extended	 to	 include	 possible	 cross	 reactions	 between	 the	 two	 fuel-derived	 radicals	 and	 ȮH-toluene	
addition	 reactions,	 exhibited	 significant	 discrepancies	 with	 the	 experimental	 measurements,	
underscoring	 uncertainties	 in	 the	 chemical	 kinetics	 and	 thermodynamics	 in	 existing	 toluene	oxidation	








	 Griffiths	 and	 Perche	 [441]	 studied	 the	 spontaneous	 decomposition,	 oxidation	 and	 autoignition	 of	






the	 absence	of	 oxygen,	while	tign	 also	became	 significantly	 shorter.	 Product	 compositions	of	 ethylene	
oxide	 pyrolysis	 and	 oxidation	 were	 reported	 and	 these	 included	 acetaldehyde,	 methane,	 ethane,	
ethylene,	carbon	monoxide,	carbon	dioxide,	hydrogen,	and	water.	It	was	found	that	fuel	decomposition	
occurred	rapidly	at	temperatures	of	850	K	and	higher	and	that	it	was	highly	exothermic	(>	100	kJ/mol),	in	













discrepancies	 with	 the	 RCM	 measurements	 where	 many	 of	 the	 aforementioned	 oxygenated	
intermediates	 were	 not	 detected,	 while	 methylvinylether	 and	 dihydrofuranols	 were	 observed.	 The	
differences	between	the	results	for	the	two	experimental	platforms	indicate	that	the	relative	significance	
of	 reaction	pathways	may	differ	between	RCM	and	 JSR	devices,	 and	 this	highlights	 the	 importance	of	
conducting	autoignition	chemistry	studies	across	a	wide	range	of	conditions,	including	at	high	pressures	









are	 thought	 to	 initiate	 low-temperature	 branching	 reactions	 leading	 to	 high	 reactivity	 in	 the	 low-
temperature	 regime,	 and	 thus	 the	 lack	 of	 these	 (and	 seven-membered	 ring	 isomerization	 reactions)	
resulted	in	the	reduced	reactivity	of	DEC	at	low	temperatures.	
6.7.	Full-boiling	range	fuels	




















comparison	 of	 experimental	 results	 between	 studies	 using	 different	 gasolines,	 IC	 engine	 based	 or	
otherwise,	 is	 not	 always	 straightforward.	 A	 summary	 of	 RCM	 studies	 performed	 on	 gasoline	 and	 its	
surrogates	is	provided	in	Table	8.	
Table	8.	Studies	of	gasoline	and	its	surrogates	using	RCMs.	





















FACE-A,	FACE-C,	PRF84	 632–745	 20,	40	 Fuel/O2/N2	 3.76	 0.5,	1.0	 [457]	
	
	 Kim	et	al.	[111]	measured	the	ignition	delay	times	of	a	commercial	gasoline	(RON	~	92)	and	two,	three-
component,	 Toluene	 Reference	 Fuel	 (TRF)	 surrogate	 blends	 containing	 iso-octane,	 n-heptane,	 and	
toluene.	 One	 surrogate	 blend	 (identified	 as	 A)	 was	 based	 on	 the	 work	 of	 Gauthier	 et	 al.	 [458]	 and	
















found	 to	complement	 the	earlier	 shock	 tube	data	 from	Gauthier	et	al.	 [458],	 though	 the	 temperature	
conditions	 did	 not	 directly	 overlap.	 Furthermore,	 simulated	 ignition	 delay	 times	 using	 the	 gasoline	
surrogate	model	from	LLNL	were	found	to	exhibit	good	agreement	with	the	experiments.	Although	some	
model	 improvements	 were	 still	 needed,	 the	 level	 of	 agreement	 was	 encouraging,	 considering	 the	
complexity	of	the	associated	chemistry	for	fully	blended	gasoline.	A	discrepancy	in	the	slope	of	the	NTC	


















sensitive	 to	 the	 H-atom	 abstraction	 reactions	 from	 iso-octane,	 as	 well	 as	 the	 successive	 concerted	
elimination	reactions	producing	HȮ2	(R3c),	and	the	β-scission	reactions	of	hydroperoxy	alkyl	radicals	(R5b)	




component	 PRF	 surrogate.	 Two	 non-oxygenated,	 alkane-rich	 FACE	 (Fuels	 for	 Advanced	 Combustion	
Engines)	 gasoline	 fuels	 [460],	 namely	 FACE	A	and	FACE	C,	were	used.	 PRF84	was	 chosen	because	 the	
octane	ratings	of	FACE	A	and	FACE	C	are	identical	with	RON=MON=84.	The	study	intended	to	examine	




over	 a	wide	 range	of	 temperatures	and	 that	PRF84	 could	emulate	 the	 reactivity	of	 these	gasolines	at	
temperatures	in	the	NTC	and	high-temperature	regime.	PRF84	however,	was	found	to	be	more	reactive	
than	the	gasolines	at	the	lowest	temperatures.	Furthermore,	a	six-component	surrogate	blend	was	also	
proposed	 to	 model	 the	 FACE	 A	 and	 C	 fuels	 which	 included	 n-butane,	 n-heptane,	 iso-pentane,	 2-
methyhexane,	iso-octane,	and	toluene,	though	no	experimental	measurements	were	reported	with	the	
surrogate	mixture.	The	results	of	this	work	are	somewhat	contradictory	to	that	of	Griffiths	et	al.	[368],	














Fuels	 Tc	(K)	 pc	(bar)	 Mixture	Composition	 Diluent:O2	 f	 Reference	
POSF	4658		Jet-A,	JP-8,	and	
Syntroleum	S-8	4734	







































trimethylbenzene/n-propylbenzene,	 respectively,	 using	 various	 fundamental	 devices.	 Both	 of	 the	
surrogates	were	shown	to	replicate	well	the	tign	of	the	target	Jet-A	[463,464],	but	there	were	discrepancies	
associated	with	 the	 first-stage	 ignition	 characteristics.	 The	 four-component	 blend	better	matched	 the	








	 Allen	 et	 al.	 [160]	 studied	 the	 autoignition	 characteristics	 of	 stoichiometric	 JP-8/air	 and	 camelina	
hydro-processed	renewable	jet	fuel	(CHRJ)/air	mixtures.	They	employed	the	direct	test	chamber	method,	
discussed	in	Section	2,	for	this	work.	Significant	discrepancies	were	observed	when	comparing	t1	and	tign	







measured	 tign	 results	 were	 also	 compared	 with	 those	 of	 surrogates	 from	 simulations.	 Two	 surrogate	
mixtures	 were	 employed,	 including	 pure	 2-methylnonane	 and	 binary	 blend	 of	 n-dodecane	 and	 2-
methylundecane	for	CHRJ	and	THRJ,	respectively.	It	was	found	the	efficacy	of	the	surrogates	for	emulating	

















37.	 Furthermore,	 the	RCM	measurements	were	 found	 to	 complement	existing	 shock	 tube	data	 in	 the	
literature	[467][468]	and	thus	provided	an	addition	to	the	experimental	database	of	diesel	blends	needed	
for	development	and	validation	of	diesel	surrogate	models.	










	 Fuel	 additives	 are	 chemicals	 that	 can	 be	 used	 in	 very	 small	 quantities	 to	 significantly	modify	 the	
ignition	propensity	and/or	combustion	behavior	of	a	fuel.	These	are	typically	distinguished	from	blended	
fuel	components,	e.g.,	butane,	and	are	generally	added	at	volume	fractions	near	1%	or	less,	though	they	
sometimes	 can	be	present	 in	 larger	 amounts.	 Fuel	 additives	have	historically	 been	 classified	 as	 knock	
inhibitors	 (anti-knock	 agents)	 or	 cetane	 improvers,	 and	 while	 they	 have	 been	 explored	 primarily	 for	
conventional	 SI	 and	 CI	 combustion	 systems,	 there	 are	 numerous	 potential	 applications	 within	 LTC	
schemes	[22].	These	chemicals	however,	can	be	difficult	to	utilize	in	RCM	tests.	Conventional	anti-knock	
agents	like	organometallics	(e.g.,	tetraethyl	lead),	in	addition	to	being	toxic,	have	a	tendency	to	form	metal	
oxides	 on	 the	 surfaces	 of	 the	 reaction	 chamber,	 leading	 to	 contamination	 that	 is	 difficult	 to	 remove.	
Cetane	improvers,	on	the	other	hand,	due	to	their	high	reactivity,	even	at	pre-test	conditions,	can	lead	to	

















































































indicated	that	 the	effectiveness	of	 the	dopants	could	be	ranked	as	aniline	>	 iron	pentacarbonyl	>	TEL.	








TEL.	 However,	 tign	 was	 significantly	 lengthened.	 Additionally,	 whereas	 the	 undoped	 fuel	 exhibited	 an	
inverse	dependency	of	(tign	–	t1)	on	the	compressed	pressure,	the	doped	blend	did	not,	so	an	increase	in	
pc	did	not	result	in	a	corresponding	decrease	in	(tign	–	t1).	The	data	for	the	doped	blend	therefore	exhibited	
NTC	behavior,	while	 this	was	 absent	with	 the	undoped	 fuel.	 This	 transition	 to	NTC	behavior	with	 TEL	
addition	can	be	seen	in	Fig.	10c	of	Section	2.	
	 Jovellanos	et	al.	[469]	studied	the	effect	of	TEL	addition	to	iso-octane	where	changes	in	ignition	delays	
and	 critical	 explosion	 pressures,	 defined	 as	 the	maximum	pressure	 observed	 due	 to	 preliminary	 heat	
release	 before	 autoignition,	 were	 recorded.	 The	 TEL	 used	 in	 this	 work	 was	 a	 commercial	 blend	 that	

















high	 speed	 photography	 through	 the	 end	 wall.	 The	 optical	 measurements	 were	 not	 recorded	
simultaneously	with	the	pressure-time	histories	due	to	experimental	complications,	while	changes	to	t1	
were	 not	 documented	 in	 detail	 for	 these	 tests.	 The	 authors	 noted	 for	 most	 of	 the	 experiments	 the	
chemiluminescence	 exhibited	 characteristics	 of	 either	 spotty	 ignition,	 with	 exothermic	 centers	




al.	 [69]	did	not	 find	any	discernable	effect	of	 TEL	on	benzene.	However,	 the	n-heptane/TEL	blends	at	
stoichiometric	 conditions	 exhibited	 increased	 reactivity	 at	 temperatures	 below	 720	 K,	 while	 at	
temperatures	 above	 this	 tign	 was	 noticeably	 lengthened.	 Furthermore,	 at	 Tc	 =	 820	 K,	 the	 TEL	 more	
significantly	extended	tign	for	the	leaner	mixtures.	The	iso-octane/TEL	blends,	on	the	other	hand,	as	noted	
by	 Jovellanos	et	al.	 [469],	did	not	experience	any	substantial	 changes	 to	tign,	although	 the	progress	of	
ignition	was	significantly	altered.	For	instance,	it	was	found	that	TEL	reduced	the	rates	of	pressure	rise,	





















of	 n-pentane	 and	 n-heptane,	 leading	 to	 a	 decrease	 in	 both	 the	 pressure	 rise	 and	 the	 light	 intensity	
associated	 with	 the	 LTHR	 process.	 This	 behavior	 is	 different	 than	 that	 observed	 in	 [473]	 with	 TEL.	
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Moreover,	a	longer	second-stage	ignition	delay	time	was	measured.	Consequently,	an	increase	in	tign	was	
observed	 for	n-heptane	 throughout	 the	 temperature	 range	 of	 650–950	 K,	where	 first-stage	 reactions	
persisted	to	temperatures	above	850	K.	The	tign	of	n-pentane	was	increased	in	the	range	650–850	K	by	
the	 addition	 of	 DEA,	 but	was	 decreased	 at	 compressed	 gas	 temperatures	 greater	 than	 850	 K.	 It	 was	
suggested	 that	 the	 inhibiting	 role	of	DEA	might	be	derived	 from	 its	 radical	 scavenging	 interactions	via	
Ṙ+(C2H5)2NH=RH+(C2H5)2Ṅ	and	ROȮ+(C2H5)2NH=ROOH+(C2H5)2Ṅ,	 so	 (R3a)	 does	not	proceed	effectively,	




	 Investigations	 with	 anti-knock	 agents	 have	 provided	 useful	 insight	 into	 the	 evolution	 of,	 and	
perturbations	 to	 end	 gas	 autoignition	 chemistry	 for	 various	 fuels,	 and	 how	 these	 influence	 knock	






[474–476].	 The	work	of	 Taylor	 et	 al.	 [69]	 illustrated	how	TEL	 can	 affect	 flame	propagation	processes.	
Nevertheless,	 opportunities	 exist	 to	 utilize	 RCM	 platforms	 to	 understand	 the	 perturbative	 effects	 of	













the	 doping	 effectiveness	 of	 ethyl	 nitrite	was	 somewhat	 nonlinear	where,	 in	 particular,	 no	 noticeable	
change	 in	tign	was	observed	when	the	doping	 level	was	 less	 than	0.2%	by	volume,	while	doping	 levels	
higher	 than	 this	 decreased	 tign	 monotonically.	 In	 addition,	 the	 critical	 explosion	 pressures	 decreased	
monotonically	with	ethyl	nitrite	doping.	At	the	highest	doping	level,	the	authors	found	the	fuel	behaved	
analogously	to	iso-octane.	









the	 authors	 hypothesized	 the	 effectiveness	 of	 fuel	 additives	 on	 cetane	 number	 enhancement	 is	
dependent	on	three	main	criteria:	(1)	exothermic	decomposition	of	the	additive,	(2)	provision	of	multiple	























the	 second	 a	 TRF	 blend	 containing	 20%	 toluene,	 12.8%	 n-heptane,	 and	 67.2%	 iso-octane	 on	 a	 liquid	
volume	basis.	The	predicted	TRF91	octane	rating	was	based	on	the	work	of	Morgan	et	al.	[405].	Doping	
levels	 of	 0–3%	 liquid	 volume	basis	 (0–2.7%	molar	 basis)	were	 used.	 The	measurements	 indicated	 the	
reactivity	 of	 both	 surrogates	 increased	 upon	 addition	 of	 2-EHN	 and	 both	 surrogates	 exhibited	 similar	
response	upon	addition	of	 the	dopant.	However,	 it	was	 shown	 that	2-EHN	was	more	effective	at	 low	
temperatures	in	TRF91,	while	in	the	intermediate	temperature	range	2-EHN	was	more	effective	in	PRF91.	
Although	 the	 detailed	 chemical	 kinetic	 model	 used	 to	 complement	 the	measurements	 was	 found	 to	








	 RCM	studies	 investigating	 cetane	 improvers	have	 suggested	 various	 chemical	 kinetic	processes	by	
which	fuel	autoignition	can	be	stimulated	due	to	the	presence	of	additive	decomposition	products,	which	
include	different	types	of	radicals.	While	there	is	potential	to	further	investigate	cetane	improvers	as	they	
might	be	applied	 in	 LTC	engine	schemes	such	as	 reactivity	 controlled	compression	 ignition	 [22],	 these	









	 Future	 internal	 combustion	and	gas	 turbine	engines	will	 face	 increasingly	 stringent	 fuel	 economy,	
performance	and	emissions	requirements.		To	meet	these,	next-generation	devices	are	expected	to	utilize	
a	range	of	low	temperature	combustion	approaches	as	discussed	in	Section	1.		The	design	of	such	new	








approaches	and	advanced	diagnostics	which	have	been	employed	as	key	 tools	 towards	 improving	our	
fundamental	understanding	of,	and	capability	 to	model	 relevant	chemistry	and	physics.	 	The	excellent	
diagnostic	access	and	the	ability	to	maintain	prescribed	test	conditions	for	relatively	long	periods	of	time	
have	 enabled	 RCM	 studies	 to	 investigate	 autoignition	 processes	 at	 the	 highest	 densities	 (e.g.,	 lower	
temperatures	and	higher	pressures)	of	any	experimental	methods.		
	 The	 range	 of	 operation	 for	 RCMs	 overlaps	 that	 of	 shock	 tubes	 in	 the	 high	 pressure	 (10-60	 bar),	
intermediate	 temperature	 range	 around	 1000	 K,	 and	 autoignition	 information	 from	 such	 devices	 are	
typically	in	good	agreement,	once	appropriate	corrections	for	facility	effects	are	taken	into	account.		The	
increasing	 understanding	 of	 fluid	 and	 gas	 dynamic	 processes,	which	 can	 limit	 the	 capabilities	 of	 both	
devices,	has	greatly	improved	the	agreement	between	experimental	data	and	model	predictions,	where	
these	must	take	into	account	not	only	the	compressed	conditions,	but	the	evolution	of	boundary	layers	
and	 other	 physical	 phenomena	 that	 can	 be	 influential	 during	 a	 particular	 test.	 	 Advances	 in	
instrumentation	and	understanding	of	 various	physical	processes,	 such	as	properly	 suppressing	vortex	
roll-up,	has	also	led	to	much	better	consistency	between	RCM	datasets.	For	example,	studies	of	iso-octane	
autoignition	can	now	be	shown	to	agree	to	within	±25	%	across	a	variety	of	different	machines	[62],	where	
the	 origin	 of	 variations	 in	 individual	 measurements	 can	 be	 traced	 to	 the	 very	 high	 dependence	 of	
autoignition	 chemistry	 on	 gas	 temperature	 history	 and	 its	 spatial	 distribution.	 	 The	 gas	 compression	
trajectory	and	piston	crevice	design	are	accordingly	very	influential	facility	parameters	[481].	
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	 The	 importance	 of	 temperature	 specification	 has	 motivated	 recent	 efforts	 to	 rigorously	 quantify	
experimental	uncertainties	associated	with	 the	evaluation	of	 this	parameter	 [482],	and	these	analyses	
should	 be	 extended	 to	 account	 for,	 not	 only	 random	measurement	 errors,	 but	 also	 systematic	 errors	
associated	with	experimental	configurations	and	operating	protocol,	e.g.,	[483,484].		Related	to	this,	as	







by	 recent	 advances	 in	 defining	 ignition	 regimes	 in	 terms	 of	 dimensionless	 parameters	 (presented	 in	
Section	4),	but	this	remains	a	serious	need	for	the	entire	combustion	community.	
	 Significant	 progress	 has	 been	 made	 towards	 generating	 consensus	 for	 ‘best	 practices’	 towards	
machine	design	and	operation,	some	of	which	were	discussed	in	[39],	with	additional	detail	presented	in	
Section	 2.	 	 Many	 of	 these	 ‘best	 practices’	 have	 now	 become	 the	 norm	 across	 many	 devices,	 while	
designers	 of	 new	 components	 and	devices	 are	 encouraged	 to	 leverage	past	 advances,	 and	 to	 publish	
detailed	 descriptions	 and	 characterization	 work	 that	 demonstrate	 new	 capabilities,	 or	 limitations	 of	
concepts.	 	 It	 is	 beneficial	 to	 apply	 high-fidelity	 and/or	 reduced-order	models	 before	 prototyping	 new	
concepts.	 	 A	 limitation	 remains	 however,	 how	 to	 archive	 and	 report	 RCM	 data	 which	 transparently	
describes	 the	evolution	of	 the	 state	 conditions	 from	start	of	 compression	 to	 the	 time	of	autoignition,	
particularly	for	researchers	not	familiar	with	RCM	experiments.		Data	conditioning,	for	instance,	can	affect	
the	 measured	 pressures	 and	 thus	 computed	 temperatures,	 when	 derived	 from	 pressure	 data.	 	 It	 is	
stressed	that	uncertainty	analyses	should	include	the	effects	of	different	methods	of	conditioning	data,	
as	 well	 as	 different	 means	 to	 define	 end-of-compression.	 	 The	 International	 RCM	 Workshop	
Characterization	Initiative	has	made	progress	towards	this	[62],	but	it	is	still	an	area	of	need	and	potential	
for	considerable	contribution	to	the	RCM	and	combustion	communities	
	 Mechanistic	 information	 about	 chemical	 pathways	 has	 traditionally	 emerged	 from	 continuous	
sampling	of	 flow/jet	 reactors,	often	 though,	under	 thermodynamic	or	 fuel	 loading	conditions	 far	 from	
those	experienced	in	operating	engines.	Recent	advances	in	quenching	and	sampling	from	RCMs,	followed	
by	 gas	 composition	analysis	has	 facilitated	high	 impact	 studies	 allowing	experimental	 interrogation	of	
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chemical	 intermediates	at	high	pressures	where	there	are	few	data	to	develop	theory	and	benchmark	
chemistry.	 Understanding	 of	 the	 behavior	 of	 autoignition	 chemistry	 for	 branched	 and	 unbranched	
hydrocarbons	across	 low-	and	 intermediate-temperatures	has	been	derived,	 in	part,	 from	careful	RCM	
sampling	work,	combined	with	mechanistic	information	from	other	studies.		There	is	a	need	to	extend	the	
current	 database	 with	 increasing	 use	 of	 time-resolved	 diagnostics,	 some	 of	 which	 are	 highlighted	 in	
Section	3.	 	Speciation	via	gas	sample	analysis	along	with	additional	absorption	and	LIF	diagnostics	will	



















clearer	 picture	 of	 the	 development	 of	 non-uniformities,	 and	 the	 interplay	 between	 transport	 and	
chemistry	on	the	overall	heat	release	rate	in	autoigniting	mixtures.	New	and	evolving	techniques	such	as	
schlieren	 image	 (particle-free)	 velocimetry	 [494]	 and	 plentopic	 imaging	 [495,496]	 have	 potential	 to	










relevant	 for	 use	 in	 industrial	 and	 large	 engines,	means	 that	 the	 high	 pressures	 and/or	 temperatures	
required	for	autoignition	are	often	beyond	the	capabilities	of	many	existing	devices.		Furthermore,	only	
recently	have	well-characterized,	research	grade	transportation	fuels	been	formulated	for	standardized	












preliminary	 exothermic	 temperature	 rise	 can	 be	 off	 by	 an	 order	 of	 magnitude,	 especially	 at	 high	
concentrations.	Furthermore,	highly	non-linear	synergistic	and	antagonistic	effects	that	arise	from	fuel	
blending,	particularly	observed	with	compounds	of	very	different	reactivity,	pose	a	significant	challenge	
to	 predictive	 models,	 where	 data	 from	 different	 devices/regimes	 can	 indicate	 different	 interactive	
behavior.		These	effects	are	responsible	for	many	of	the	difficulties	in	achieving	closure	between	multi-
component	surrogate	blends	and	practical,	full-boiling	range	fuels	[500].		There	is	also	a	need	for	more	
studies	 covering	 the	 influences	 of	 real	 EGR	 (including	 minor	 constituents)	 and	 fuel	 additives	 on	 LTC	
processes.		While	major	combustion	products	such	as	CO2	and	H2O	have	been	studied,	there	is	very	limited	
data	for	pollutants	such	as	NOx	and	UHCs,	which	can	have	significantly	greater	perturbing	characteristics.		
Opportunities	 to	use	 fuel	 additives	 as	 radical	 precursors	 to	better	quantify	 autoignition	 chemistry	 are	
highlighted	 in	 Section	 6.	 	 Finally,	 uncertainties	 in	 chemical	 models	 are	 not	 well	 quantified	 and	 not	
183	of	218	
consistently	reported	[286,383],	but	these	must	be	addressed	in	order	to	more	rigorously	validate	model	
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